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preparation of cruciform 1:mono-Pt pincer 6 
solutions for fluorescence spectroscopy. 
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solutions for fluorescence spectroscopy. 
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Atomic coordinates  ( x 104) and equivalent  
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Anisotropic displacement parameters  (Å2x 103) 
for Compound 4 of Chapter 3.  The anisotropic 
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Relative size of structures generated in biology, 
covalent synthetic chemistry and 
microfabrication along a logarithmic scale. Only 
biology and microfabrication provide large 
nanoscopic structures 
 
Weak labile interactions categorized by strength 
of bond dissociation energies 
 
Ionic-ionic, ionic-dipole and dipole-dipole are 
progressively weaker Coulombic forces 
 
Hydrogen bonded array having a high cumulative 
strength, a principle similar to a zipper 
 
Metal-coordination, represented by an octahedral 
geometry of ruthernium tris(bipyridine) with 
electro-optical properties 
 
A) Double helix supramolecular architecture; B) 
supramolecular RNA hairpin architecture. Both 
formed through H-bonding of complimentary 
nucleotide pairs 
 
Zwitterionic dipeptide chain, with protonated N-
terminus and deprotonated C-terminus;  are the 
amino acid stereogenic centers in an L-
configuration;  is an amino acid side-chain and 
 is a different amino acid side-chain. 
 
A) Peptide chain forming an α-helix through 
intramolecular H-bonds of amide protons with 
carbonyl amide oxygens; B) helical ribbon 
structure of peptide backbone, substituent atoms 
and side-chains removed for clarity. 
 
Two peptide chains H-bond to form an 
antiparallel β-sheet;  are amino acid side-
chains which alternately extend to opposite sides 
of the sheet are in register on adjacent chains.  
Ribbon arrows show direction of the antiparallel 
strands and connection between them. 
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Loeb’s infinite, 3  and finite, 4 supramolecular 
architectures 
 
van Koten’s reversible solid-state SO2(g) sensor 
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mixture of 2 and 5 after the addition of one 


























































































Proton assignment for 4-pyridyl peptides (1 & 2) 
coordinated to 5 
 
Proton assignment for 3-pyridyl peptides (3 & 4) 
coordinated to 5 
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ligand from activated pincer complex 14 
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3rd cyclic target 11, with 4-pyrAla and all three 
Phe’s amido nitrogens N-methylated 
 
2-D Silica TLC plate, EtOAC/MeOH 95:5 mobile 
phase, solid circles off of dashed diagonal are 
decomposition products, additional impurities 
have been omitted for clarity 
 
Four monomers in our supramolecular toolbox 
 
Stacked 1H NMR spectra of aromatic region in 
d7-DMF depicting metal coordination of 1 to 4: 
A) cruciform 1, 0.006 M; B) 1:1 mixture of 1 and 
4 giving polymer 3P, 0.006 M 
 
Isotherm generated from the titration of 4 into 1 
in DMF to give 3P 
 
Monotopic Pd pincer complex 5 and monotopic 
Pt pincer complex 6 coordinated to cruciform 
molecules 
 
Degree of polymerization dependence on the 
stoichiometry of 1 to 2 in DMF, a maximum DP 
is seen at a 1:1 stoichiomtric equivalence 
 
A) Plot of relative viscosity of bis-Pd pincer 
complexed materials 1P and 2P.  B) Plot of 
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materials 3P and 4P all in DMF 
 
Normalized emission of cruciforms 1 and 3 and 
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maximum DPs) all at 0.0445 mM.  A) Emission 
of cruciform 1 (black) and Pd coordination 
polymers 1P (blue) and 3P (green).  B) Emission 
of cruciform 3 (maroon) and Pt coordination 





























































































Emission Spectra of 1 upon the addition of 
increasing equivalents of 2. 
 
Normalized spectra showing the emission of 1 
upon the addition of increasing equivalents of 2.   
 
Emission Spectra of 3 upon the addition of 
increasing equivalents of 2. 
 
Corrected and normalized spectra showing the 
emission of 3 upon the addition of increasing 
equivalents of 2. 
 
Emission Spectra of 1 upon the addition of 
increasing equivalents of 4.  Residual 
fluorescence was observed at 542 nm upon 
further addition of 4; however, it could not be 
measured due to near baseline fluorescence 
intensity 
 
Corrected and normalized spectra showing the 
emission of 1 upon the addition of increasing 
equivalents of 4. 
 
Emission Spectra of 3 upon the addition of 
increasing equivalents of 4. 
 
Corrected and normalized spectra showing the 
emission of 3 upon the addition of increasing 
equivalents of 4. 
 
Emission of thin films of polymers 1P, 2P, and 
4P after baseline-subtraction of the glass slide 
 
Emission Spectra of 1 upon the addition of 
























































































Emission Spectra of 1 upon the addition of 
increasing equivalents of mono-Pt pincer 6.  
Selected traces are included for clarity 
 
Emission Spectra of 3 upon the addition of 
increasing equivalents of mono-Pd pincer 5.  
Selected traces are included for clarity 
 
Emission Spectra of 3 upon the addition of 
increasing equivalents of mono-Pt pincer 6.  
Selected traces are included for clarity 
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Self-assembled tubular array grown from a 
monolayer of pyridyl cyclic peptides with 
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Cartoon depicting the first generation of a 
supramolecular membrane structure 
 
Cartoon of supramolecular polymer 
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Hetero-architectures composed of different 
pyridyl cyclic peptides and a ditopic metallated 
pincer complex, this is only one of several 





Synthetic route to diphosphino cruciform 6 
 
Synthetic route to Pt-pincer cruciform 10.  
Ditopic 11 is a proposed ligand to coordinate to 
10 giving a novel CP 
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This thesis begins with the introduction of supramolecular chemistry and an 
explanation of why this synthetic strategy is aptly suited for the creation of increasingly 
larger and more complex structures, beyond the limits of traditional covalent synthesis. 
An extensive definition of self-assembly and the building blocks used by biological 
systems to create its functional supramolecular architectures is given.  A review of novel 
synthetic finite and infinite supramolecular architectures is provided; despite these 
accomplishments there are few reports of biologically relevant synthetic architectures, as 
well as functional architectures.  This thesis hypothesizes that new currently unattainable 
architectures can be achieved by using established metal-ligand interactions tethered to 
unique functional synthons. 
The first supramolecular synthon is a functionalized cyclic peptide.  Cyclic peptides 
can vertically self-assemble via H-bonds into well-defined organic nanotubes with useful 
inclusion and transport properties, which can be readily tuned to suit a potential 
application via a range of synthetic modifications.  By adding a pyridyl ligand to the 
periphery the cycle is imbued with a horizontal metal-coordination self-assembly mode 
that may facilitate supramolecular membrane formation. 
Our second supramolecular synthon has an “X-shaped” cruciform molecule 
terminated with two pyridyl ligand.  Cruciform molecules have outstanding optical 
properties with potential electro-optical applications.  A polymeric cruciform system may 
be well suited for device fabrications owing to the ease of solution processing.  Therefore 
 xxvii
we investigated a supramolecular polymeric strategy, to rapidly create a set of functional 
and solution processable coordination polymers. 
The metal recognition unit chosen was a bimetallic “pincer” complex.  This rigid, 
linear ditopic complex has a fast and quantitative coordination to pyridyl units, which 
were exploited to rapidly grow our supramolecular architectures.   
Synthesis of our cyclic peptide ligand is completed and preliminary coordination 
studies confirm quantitative formation of primitive membrane architectures.  The next 
phases of this research along with long-term future directions are outlined.  Finally, 
several synthetic solutions are given to overcome the current limitations of our first 












1.1   Abstract 
 
In this chapter the concept of supramolecular chemistry is introduced and its use for 
the creation of complex molecular architectures is explained.  Supramolecular chemistry 
is a young field which focuses on the interactions of reversible and weak forces as 
opposed to traditional covalent forces.  Self-assembly is an area of supramolecular 
chemistry that incorporates these weak interactions into small building blocks, which can 
then spontaneously create larger and complex structures with functions beyond the sum 
of the individual components.  These large suprastructures may be placed into different 
architectural categories, finite architectures and infinite polymeric architectures.  A 
review of these two supramolecular classes is given, and the goals of this thesis research 
in advancing these two areas of supramolecular self-assembly are stated. 
 
1.2   Why Supramolecular Chemistry? 
A complex synthetic target may be a cancer therapeutic,1-4  or an attractive natural 
product.5  For over a hundred years the challenge of synthesizing an organic molecular 
structure has relied on the making and breaking of covalent bonds.  Scientist have 
successfully been manipulating and bringing together atoms and smaller molecular 
components into increasing larger and more complex structures using covalent synthesis. 
 Covalency is the sharing of electrons between nuclei through atomic orbital overlap.  




molecular orbital defined by the shared electrons localized within it.  The covalent bond 
formed is a strong, essentially irreversible linkage between atoms that has been 
synthetically exploited, forming one bond at a time, methodically building larger and 
larger covalent structures from smaller molecular starting materials.  This has been the 
only available method to produce a molecule of a desired shape and function, with 
common molecular targets having less than 100 covalent bonds and molecular weights of 
several hundred Daltons.6    Some of the largest structures synthesized at the upper limits 
of covalent synthesis, palytoxins, have molecular weights of several thousand Daltons 
and lengths of around one nm.7, 8  However, these massive synthetic feats are on the small 
end when compared to biologically synthesized and microfabricated structures such as 
those found in Figure 1.1. 
 
Figure 1.1  Relative size of structures generated in biology, covalent synthetic chemistry 
and microfabrication along a logarithmic scale.  Only biology and microfabrication 






A current challenge for synthetic chemistry is to synthesize well-defined architectures 
and materials between 1-100 nm, known as nanostructures.9  Synthetic nanostructures are 
expected to have potential applications in a range of technologies from medicine to 
electronics, and the synthetic challenges may require a paradigm shift away from 
covalent methodologies towards a more efficient strategy.9-11  
This synthetic challenge has spawned an entire new field of research known as 
nanotechnology.11  The synthesis of nanosize architectures can have either a “bottom-up” 
synthetic approach or “top-down” microfabrication approach,11-15  Both of the current 
manufacturing approaches are reaching their respective upper and lower limits, where 
resources, time and cost are becoming prohibitive.  In order to synthesize well-defined 
nanostructures a more efficient synthetic methodology is required. 
Over the last several decades, a new synthetic methodology has been brought to the 
forefront.  It uses the same assembly strategies that living organisms employ to facilitate 
the creation of anything from a virus to a multicellular organism.16  It is hoped that this 
methodology will permit the synthesis of structures between 1 to 103 nm,8 by relying on 
the interactions of reversible weak labile forces as opposed to static and strong covalent 
bonds.  These weak labile interactions, chosen to be tolerant to one another and organized 
within synthetically practical small covalent building blocks may then undergo a 
spontaneous productive assembly to form a structurally larger and functionally more 
complex system.16, 17  The building blocks are preprogrammed to assemble.18 Guided by 




Supramolecular chemistry, chemistry beyond the molecule,16  is the domain of these 
weaker labile interactions.  Lehn described supramolecular chemistry as the chemistry of 
intermolecular bonds giving molecular assemblies,16, 19  the common weak interactions 
used to form these intermolecular bonds are hydrogen bonding, metal-coordination, 
electrostatic attractions, hydrophobic forces, van der Waals, cation-π and π-π 
interactions.[19] 
Life has already figured out that a supramolecular strategy relying on these attractive 
forces is the most efficient way to build and maintain every organism.  Following suit 
there has been a major research thrust to elucidate, understand and control 
supramolecular synthesis.11, 14  Towards this goal, this thesis will discuss the use of labile 
metal-coordination interactions for the synthesis of new architectures with the ultimate 
goal of synthesizing innovative and functional supramolecular materials.  Chapter One 
will introduce new concepts and highlight supramolecular milestones.  Chapter Two will 
introduce and review a class of transition metal complexes, the metallated pincer 
complexes, which will be used to assemble new supramolecular materials.  Chapters 
Three will detail the preliminary design, synthesis and investigation of the metal-ligand 
interactions between linear peptide ligands for the metallated pincer complex.  These 
linear ligand studies will serve as model studies for cyclic peptide ligands.  Chapter Four 
will detail the synthesis of a new unnatural cyclic peptide acting as a functional ligand 
coordinated to metallated pincer complexes.  The ultimate goal of this research will be to 
supramolecularly synthesize well-defined nanoporous membranes.  Chapter Five will 
introduce the synthesis of well-defined organometallic coordination polymers formed 




complexes.  This research will set the stage for the synthesis of multilayered hierarchical 
devices.  Finally, Chapters Six and Seven will recapitulate the salient accomplishments of 
this thesis research and propose future directions. 
 
1.3  Supramolecular Self-Assembly 
Molecular recognition is binding with a purpose, it implies a structurally well-defined 
pattern of intermolecular interactions.20  A molecule binding another molecule through 
these interactions produces a ‘host-guest’ complex or supramolecule.20-22 
An autonomous assembly of supramolecular components into patterns, and systems 
without external intervention giving a suprastructure is the concept of self-assembly, as 
defined by Whitesides.11  However a very broad interpretation of the term self-assembly 
has led Whitesides to proclaim after his initial definition “…the definition of self-
assembly is limitlessly elastic, as a result the term has been overused to the point of 
cliché.”11   
Perhaps one of the most cited definitions is given by Lehn, who shared the 1987 
Nobel Prize for research into the supramolecular interactions of host-guest complexes.23, 
24  He states that “…the spontaneous association of either a few or many components, 
resulting in the generation for either discrete oligomolecular supermolecules or of 
extended polymolecular assemblies.”16  He later calls self-assembly “…a simple 
collection and aggregation of components in a confined entity.”18  By most definitions a 
minimal amount of necessary features can be gleaned to have a self-assembled system on 





1)  The reliance on weak non-covalent complementary interactions 
2)  Organization of these interactions within a mobile component 
3)  Thermodynamically stable structures formed under equilibrium conditions 
 For this thesis self-assembly shall be defined as a molecular recognition event of pre-
programmed building blocks via weak labile interactions under equilibrium conditions, 
which leads to the formation of thermodynamically stable higher ordered suprastructures 
and architectures.  These pre-programmed building blocks have two parts: 1) a 
recognition component, which is electronically and structurally complementary to a 
recognition element on another building block, 2) a functional component endowed with 
unique features or properties tethered to the building block.   
For this research the recognition components will be the coordination between a 
ligand and a transition metal complex.  The functional tethers will be either a cyclic 
peptide for the formation of supramolecular porous membranes or a ditopic fluorescent 
cruciform molecule for the assembly of organometallic coordination polymers.   
 
1.3.1 Weak Labile Interactions 
 Before introducing some of the myriad self-assembled suprastructures that have been 
created, a greater introduction into the concept of weak labile interactions is required.  
The strength or bond dissociation energy of C-C and C-H covalent bonds, the primary 
skeletal components of any covalent molecule average 83 and 99 Kcal/mol, 
respectively.25  Overall typical covalent bonds range in strength from about 50-100 










 Ionic interactions are non-directional but are generally considered the strongest of 
these forces.  Ionic interactions are electrostatic interactions along with the weaker ion-
dipole and weakest dipole-dipole interactions all being Coulombic attractions of opposite 
charges, shown in Figure 1.3.  A caveat for forces that are electrostatic in nature is that 
there association strengths are very susceptible to outside influences such as solvent and 
temperature effects, and the listed strengths are under optimum conditions. 
 
 
Figure 1.3  Ionic-ionic, ionic-dipole and dipole-dipole interactions are progressively 
weaker Coulombic forces. 
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A hydrogen bond (H-bond) is a special type of directional dipole-dipole interaction 
formed between a relatively acidic H atom and an electronegative atom(s) (most often O 
or N).  They have been called the ‘masterkey interaction in supramolecular chemistry’ 
because they can be synthetically arranged with excellent precision, with arrays binding 
in a concerted manner leading to a dramatic increase of their cumulative binding strength, 
much like the multiple teeth of a zipper give a strong seam, as shown in Figure 1.4.27 
 
 
Figure 1.4  Hydrogen bonded array having a high cumulative strength, a principle similar 
to a zipper. 
 
 The most synthetically accessible of the remaining weakest forces are π-π 
interactions.  These attractive forces between aromatic systems, believed to be 
electrostatic in nature,27  are readily incorporated into aromatic supramolecular building 
blocks.  Other weaker noncovalent interactions are not as well-defined and range in 
strength from < 1 Kcal/mol for van der Waals forces due to temporary electron cloud 
polarizations and cation-π (1-20 Kcal/mol) π-electron systems with positive or partial 
positive charges.19, 27 
 Metal-ligand coordination interactions, which will dominate later chapters of this 
thesis also play an important role in biological and synthetic supramolecular assemblies.28  




can ambiguously be ionic to somewhat covalent depending on the extent of orbital 
overlap.27  Only transition metal-ligand interactions will be considered for this thesis 
research.  They are geometrically specific, thermodynamically stable interactions which 
have varying degrees of kinetic lability.  These geometric and stable interactions have 
permitted the creation of geometrically precise architectures.29, 30  Shown in Figure 1.5 is 
a ruthenium-trisbipyridine (bpy) complex having an octahedral coordination sphere.31  
The metal-ligand spheres may also have interesting electro-optical properties which may 




Figure 1.5  Metal-coordination, represented by an octahedral geometry of ruthenium 
tris(bipyridine).34 
 
 All of these interactions are dependent to different degrees on their surroundings, 
prevalent factors being temperature, concentration and solvent effects.  This is best 
illustrated by H-bond arrays, which can form large robust assemblies in apolar solvents 
where their electrostatic interactions are not well solvated.  H-bonded assemblies are 
much weaker in water and other protic polar solvents, which compete for the H-bonds 




 Many factors must be taken into consideration before choosing the appropriate 
interaction(s) holding together a supramolecular assembly, e.g. solution and/or solid-state 
stabilities, cost, synthetic time and final properties such as mechanical strength or 
toxicity.  Are the interactions passive or active, i.e. do they simply act as silent cohesive 
agents for tethered functionalities36  or do they play a role in its final properties?34  This is 
specifically relevant for transition metal complexes, which have important catalytic, 
electrical and/or optical properties.37-39 
 
1.3.2 Self-assembled Functionalization 
Lehn describes basic supramolecular functions as “…molecular recognition, 
translocation, and transformation…”20 
For this thesis, function in self-assembly can be viewed as i) the basic transformation 
of a molecule via self-assembly, ii) the formation of a complex supramolecular 
architecture using self-assembly, or iii) the formation of a fully functional material for a 
specific application by self-assembly.  The first rudimentary classification of function is 
when the self-assembly step itself imparts function.  An example of this functionalization 
is the formation of acid dimers via self-assembly.19  The second definition is based on the 
spontaneous generation of a larger and often more complex structure, i.e. a 
supramolecule with well-defined pockets or pores for molecular recognition, arranging 
molecules for catalysis or detection of analytes.  The third class of self-assembled 
functionalization can be viewed as the endowment of a specific function or the creation 




A device may result from the interplay of several binding subunits in polymolecular 
assemblies acting across interfaces.  A stimuli responsive system having multiple 
components with feedback may be cross-catalytic or autocatalytic taking on tasks such as 
cooperativity, allostery, regulation and communication or signal transfer,20  so far these 
features are only truly found in biological systems.39, 41  These three classifications of 
function by self-assembly are not exclusive and can often go hand in hand giving 
multifunctional suprastructures. 
Supramolecular chemists are farther behind and the current challenge is to develop 
greater functions and applications.37  Most examples in the literature on the formation of 
functional materials via self-assembly rely on a single recognition unit motif.  Examples 
include the formation of supramolecular polymers with visco-elastic control, block co-
polymers, liquid crystalline systems, hybrid materials, and micellar structures.17, 18, 42-48 
 Using multiple recognition units is a direct route to greater complexity in functional 
systems.36, 49, 50  A caveat for this strategy is that the multiple recognition motifs must be 
orthogonal; they must bind to their partner with a high fidelity in the presence of other 
different recognition motifs occurring simultaneously.36, 51  Supramolecular systems from 
Stoddart use external stimuli to switch the preference of multiple interactions from 
repulsive to attractive within mechanically interlocked molecules creating molecular 
motion powering molecular shuttles, elevators and switches supporting the idea of 







1.3.3 Supramolecular Architectures 
The building blocks, which contain all the necessary information to form vast infinite 
assemblies have been called supramolecular synthons59  or tectons,60  assembling via a 
molecular program.61 
A supramolecular architecture is the final physical product of this programmed self-
assembly.  Whether an infinite polymer chain or membrane, a finite 2-D shape or 3-D 
structure,14  or a molecular machine57  they all began as a disordered stew of building 
blocks.  Because of the reversible nature of weak labile interactions, a desired 
architecture may be in dynamic equilibrium with several other rapidly exchanging 
structures,35, 62  also known as supramolecular isomerism.16, 63  Nature overcomes this 
dynamic equilibrium by using very high molecular weight self-assembled aggregates; the 
sheer number of weak interactions assures that the structural integrity of the architecture 
is preserved.  In synthetic systems keeping the equilibrium to the right maintains the 
architectures in solution.  The choice, arrangement and number of weak interactions 
along with the solvent system will all help to stabilize the final architecture.64 
Observing the structure-activity relationship,28  the function of a supramolecular 
system is dictated by its architecture.  To perform tasks, spatial placement of functional 
units in the architecture must be precise.  Correct spatial placement of units is governed 
by thermodynamic stability, which statistically creates some imperfections.  Post-self-
assembly damage of either a mechanical, thermal, or radiative nature is certain to occur to 
a final functional architecture.  Living systems have overcome these obstacles efficiently 
templating diverse architectures and large networks in a cooperative fashion; the function 




repair-recycling-error checking system.12  These elaborate biomechanical techniques are 
currently unfeasible for synthetic systems. 
To achieve greater levels of function from supramolecular architectures, control over 
factors beyond just the assembly pattern will be required, layers of information laden 
sequences much like that found in nucleic acids and proteins may be necessary.  This is a 
hierarchical approach to achieve complexity.  Hierarchical self-assembly is the formation 
of organized structures through different and distinct levels of self-assembly processes 
that decrease in assembly strength, giving a supramolecular architecture having important 
macroscopic properties that are not the mere sum of its individual parts.65 
Paying close attention to life’s blueprints and masterful designs and following these 
loose guidelines supramolecular scientist are ardently working to increase the functional 
performance and complexity of supramolecular architectures. 
 
1.4   Supramolecular Architectures in Living Systems 
Supramolecular self-assembly is best appreciated by observing it in living systems, 
where it operates at its highest level of performance, and following the survival of the 
fittest principle all biological systems are functionally optimized.  Biological self-
assembly has evolved over three and a half billion years into many complex systems 
derived from an inherent simplicity.30  This streamlined elegance is accomplished 
through a hierarchical assembly which ultimately creates enormous, complex structures 
from a very small class of mundane building blocks.  A precise positioning of 
functionalities and dynamic structural rearrangements allows the final assemblies to 




and selective catalysts.37  The shining examples of biological self-assembled architectures 
are the two prevalent multifunctional biopolymers: nucleic acids and proteins. 
 
 
1.4.1 Nucleic Acids 
Nucleic acids come in two primary forms i) deoxyribonucleic acid (DNA) and ii) 
ribonucleic acid (RNA) both are biopolymers made up of four nucleotide monomers.  
Post polymerization DNA biopolymers self-assemble with complementary strands into 
supramolecular double helix architectures, 66, 67  as shown in Figure 1.6 A. 
DNAs double helix architecture functions as an efficient and robust storage device 
for all of an organism’s genetic information;67  this genetic information is transcribed into 
RNA. 
RNA prefers to exist predominantly as a single stranded species, however extensive 
blocks of complementary base pairs along the single strand can readily assemble folding 
over and forming secondary structures beyond the primary base pair sequence such as 








Figure 1.6  A) Double helix supramolecular architecture; B) supramolecular RNA 
hairpin architecture.  Both formed through H-bonding of complimentary nucleotide base 
pairs. 
 
RNAs surpramolecular architecture is multifunctional, it acts as a protective barrier 
between the sensitive genetic information and the harsh cellular environment, imparts 
hierarchical structural features reminiscent of enzymes,68, 69  and translates the original 
DNA genetic information into proteins.28 
 
1.4.2 Proteins and Peptides 
The second class of biopolymers, proteins, is commonly polymerized from 20 chiral 
amino acid building blocks into a linear polyamide, peptide chain, called the primary 






Figure 1.7  Zwitterionic dipeptide chain, with protonated N-terminus and deprotonated 
C-terminus;  are the amino acid stereogenic centers in an L-configuration;  is an 
amino acid side-chain and  is a different amino acid side-chain. 
 
Using all the weak interactions permitted by the functional groups in the amino acid 
side-chains and the peptide backbone (amide nitrogens and oxygens), a peptide chain 
folds intra- and intermolecularly into a thermodynamically stable supramolecular 
architecture.70  These suprastructures have a 3-D shape, which dictates their function 
while at the same time minimizing exposure of reactive components to the cellular 
environment. 
There are approximately 25,000 proteins in the human body, with a multitude of 
different functional architectures.71  They are the quintessential multifunctional machines 
involved in every aspect of our physiology and development.28 
The hierarchical self-assembly of a protein begins with the folding of its primary 
structure into the secondary structures, the common motifs being α-helices and β-sheets, 
shown in Figures 1.8 and 1.9, respectively.  These two conformationally stable structures 







Figure 1.8  A) Peptide chain forming an α-helix through intramolecular H-bonds of 
amide protons with carbonyl amide oxygens; B) helical ribbon structure of peptide 







Figure 1.9  Two peptide chains H-bond to form an antiparallel β-sheet;  are amino acid 
side-chains which alternately extend to opposite sides of the sheet are in register on 
adjacent chains.  Ribbon arrows show direction of the antiparallel strands and connection 
between them. 
 
Individual amino acid and particular sequences have a propensity for one secondary 
structure over the other,72, 73  depending on how accepting the side-chains are of the 
restricted conformations and through further stabilization of the secondary structure via 
additional noncovalent interactions such as π−π or dipole interactions.74, 75 
The next level of self-assembly gives the functional and 3-D tertiary structure.  The 
hierarchy finally extends to a quaternary structures, which is a larger supramolecular 
structure composed of tertiary subunits.28 
Enzymes, catalytic proteins, are wonderful examples of the structure-activity 




buttresses and reactive centers in the overall functional architecture.  Hydrophilic 
residues are usually found on exposed surfaces, hydrophobic residues are in the interior 
creating areas of high organic content capable of solubilizing and binding reactive 
substrates with a high affinity.  A small number of residues form the “active site”, which 
binds and position the substrate(s) putting reactive species in close proximity.  This 
increase of effective molarity along with other contributing catalytic factors leads to a 106 
to 1012 acceleration of reaction rates under mild physiological conditions compared to the 
same uncatalyzed reactions.76  If the 3-D supramolecular architecture regulating an 
enzymes function is disrupted its activity quickly falls off.28 
Enzymes are currently known to perform about 4,000 biochemical reactions,77 
usually converting substrates to products in assembly line fashion within metabolic 
cycles.28  These supramolecular machines may perform simultaneous reactions at 
multiple sites, undergo conformational changes to signal and alter future reactions and 
perform different types of catalysis under different conditions.28, 78  Shown in Figure 1.10 





Figure 1.10  The crystal structure of α-chymotrypsin, a serine protease with a peptide in 
the cleft of its active site.79 
 
Apart from enzymes, proteins have many other key functions, such as roles in 
structural rigidification of cellular structures and transport of vital molecules through the 
cellular fortifications they have built up.28  Each different function generally requiring a 
new architecture.  Life has figured out through evolutionary trial and error that these 
massive structures are simply too large and complex to assemble through covalent 
strategies.  Over billions of years, the most efficient route found has been to covalently 
synthesize polymers from preprogrammed building blocks, which self-assemble into the 




This strategy is now clear to supramolecular chemist, with the next section reviewing 
some of their synthetic accomplishments over the last 40 years. 
 
1.5  Supramolecular Architectures in Synthetic Systems 
 
A striking example of the ability to self-assemble a hierarchical complex functional 
architecture from a limited number of simple and limited building blocks is the tobacco 
mosaic virus (TMV).  It can assemble via noncovalent interactions in vitro from its single 
RNA strand (6402 bases) and 2134 protein subunits (each 158 amino acid residues) into 
an active infectious virus. The proteins form a hollow columnar coat protecting the RNA 
coiled in the center.27  While synthetic systems of this magnitude are far off, the goal of 
mimicking biological devices and developing new functional molecules will still require 
a high degree of complexity.37 
Synthetic systems have evolved over the last few decades from single host-guest 
interactions,21  to aesthetically appealing and geometrically complex assemblies, 
currently functional systems with viable applications are the primary goals of 
supramolecular chemistry.37, 39, 80  
The following examination of supramolecular architectures will be divided into two 
classes: 1) self-assembled finite molecular assemblies having a controlled termination 







1.5.1 Finite Molecular Architectures 
Early work in synthetic supramolecular chemistry began as ‘host-guest’ 
complexations.  The host was a molecular entity having convergent binding sites, the 
guest with complimentary divergent binding sites.19  The two formed a complex through 
a unique stereoelectronic structural relationship of weak electrostatic forces, such as the 
self-assembly between a macrocyclic ligand and a cation, see Figure 1.11.21 
 
 
Figure 1.11  Representative ‘host-guest’ molecular recognition complexes synthesized 
and self-assembled by the 1987 Nobel Laureates.23, 24, 81-84 
 
The complexes in Figure 1.11 and their respective analogs form strong, specific 
complexes with selected metal and organic cations through an all encompassing sphere of 
properly positioned weak interactions.23, 24, 81-84  For the first time this demonstrated not 
only binding but recognition, via size selection.85  Spherand 3 was shown to have the 
strongest binding owing to its pre-complexation shape, which does not have to sacrifice 
the free energy of reorganization to accommodate the cation guest.  These structures 




molecular and ion transport, separation and sequestration, medical imaging and anion 
activation.20-22, 86  In more elaborate academic pursuits, Cram covalently built an enzyme 
mimic that bound a substrate and catalyzed the desired reaction with a 1011 rate 
acceleration.87 
However, host-guest complexes 1-3 and their derivatives still relied on synthetically 
complex covalent host architectures.  Beginning in the 1980’s, weak labile interactions 
were used to self-assemble host like structures with well-defined cavities.88  By using 
well-designed synthons that prefer macrocyclization over infinite polymer assemblies this 
strategy has been used for the self-assembly of other highly organized architectures. 
Much like the spherand macrocyclic ligand, transition-metal macrocycles can form 
rigid structures with designed cavity shapes and volumes.  One of the earliest 
supramolecular metal macrocycles 4 was reported by Maverick in 1986.89  It was the first 
report of selective complexation of a bifunctional Lewis base (DABCO) to a rigid 
transition-metal host, see Figure 1.12. 
 
 





A little over a decade ago the term ‘metallosupramolecular chemistry’90  was coined 
by Constable.  Since those early endeavors numerous finite architectures have been 
supramolecular synthesized and reviewed, such as polygons,29, 91  polyhedrals & 
cylinders,30, 91  catenanes,92  rotaxanes93  and helicates.94 
These metalla-suprastructures are synthesized using rigid units having defined angles, 
Figure 1.13 shows several angular defining precursors.29, 30, 91, 95 
 
 
Figure 1.13  Rigid angular ligands for constructing metalla-suprastructures.29, 30, 91, 95 
 
These building blocks have been used to construct 2-D and 3-D nanoscopic structures 
some approaching the size of small proteins.30  Many different polygons and polyhedrons 
have been synthesized with tunable internal cavities96, 97  that may have uses in 




biomolecules or other functional particles.30, 99  Shown in Figure 1.14 is molecular square 
9 built up from the coordination of 5 and 6.96  Optically active adamantoid 10 is self-
assembled from chiral ligand 7 and ditopic metal complex 8.100, 101  Very recently, 
Würthner made a metallo-square reminiscent of the light harvesting complex in 
photosynthetic organisms.102  His Pd-square used localized tethered pyrene antenna 
arrays to efficiently transfer energy to the square edge perylene bisimides, making a 
functional light harvesting device. 
 
 
Figure 1.14  A metalla-polygon and -polyhedron made from angular transition-metal 
centers and ligands.96, 100, 101 
 
Dynamic systems will be required to increase the complexity of supramolecules.  
Some novel efforts towards organometallic supramolecular catalysis have been 




oxidations.103  Mirkin has a clever strategy dubbed the ‘weak link approach’ (WLA).39  
The distinction of WLA from other transition-metal suprastructures is the use of flexible 
bidentate ligands that have hemilabile coordinations, i.e. one coordinated bond is stronger 
than the other.  This permits additional reactions at the multifunctional metal centers, 
possibly for catalysis or sensing, while maintaining the supramolecular architecture.  The 
ultimate goal of this research is to synthesize dynamic adaptive architectures, which can 
mimic the complex and cooperative reactions of biological structures.  Mirkin has 
developed several novel systems using this strategy such as an allosteric catalyst.98  
Mirkin has used the reversible binding of a second ligand to cause a conformational 
change in the supramolecular architecture of ‘molecular tweezers’ putting two metal 
centers in close proximity exploiting its bimetallic catalytic mechanism in the active state 
of 12,104  see Figure 1.15. 
 






 Lehn has synthesized numerous organometallic architectures such as helicates,105  
ladders106  and grids with precise placement of transition metal centers in a nanoscopic 
rigid framework, a [2x2] iron grid is shown in Figure 1.16.  Some of these architectures 
have interesting electro-optical properties and can be organized into self-assembled 
monolayers on surfaces,14, 107  vital features for a “bottom-up” construction of molecular 
electronics.  In 14, the spin state of the iron atoms can be controlled by external stimuli, 
such as light, temperature or pressure making this a potential supramolecular switch,108 
which may have applications in nanoelectronics or data storage.32 
 
Figure 1.16  [2x2] metal-grid, the spin states of each metal center are switchable via a 
stimulus.108 
 
By controlling the steric demands of flexible H-bonding synthons enthalpically 
favored finite architectures may be preferentially self-assembled over infinite polymers.  
These designs create robust, stable suprastructures in apolar solvent environments using 




Whitesides and later Reinhoudt have done extensive work on the assembly of 
barbiturates with their melamine compliments creating circular ‘rosette’ assemblies.109, 110  
Whitesides’ first architecture was a single tiered disc structure held together by 18 H-
bonds.  The first Whiteside rosette shown in Figure 1.17 had pendant bulky aliphatic 
groups to favor a finite molecular self-assembly over an infinite polymeric assembly.62 
 
Figure 1.17  Single tiered rosette structure held together by 18 H-bonds, self-assembled 
from cyanuric acid and melamine derivatives.62 
 
Reinhoudt’s rosette structures were thermodynamically favored to form finite 
molecular cages by having pendant calixarenes constraining their complexation 
geometries,110  as shown in Figure 1.18.  These structures can reversible alter their cage 






Figure 1.18  Reinhoudt’s H-bonded calixarene supramolecular cage.111 
 
Later, mega-structure held together by >50 H-bonds were independently self-
assembled by Whitesides and Reinhoudt,109, 112  these architectures had association 
constant (Ka) >106 M-1 in hydrocarbon solvents.  Figure 1.19 shows 18, a 54 H-bonded 
mega-structure self-assembled by Whitesides, the rigid tethers of 17 makes this 
supramolecular architecture thermodynamically the most favorable outcome.  
Reinhoudt’s most massive calixarenes assembly was held together by 144 H-bonds 
bringing together 27 components to give a nano-cage with eight levels (~ 3 × 6nm, 20 
kDa) rivaling the size of a small protein.113 
 
 





However, the stability of these structures is highly dependent on the solvent; a polar 
solvent competes for H-bonding sites and disrupts the assembly.  Reinhoudt tried to use 
these structures as antibody mimics functionalized with biological recognition units, the 
polar functional groups and the polar solvent led to degradation of the supramolecular 
architecture into its monomeric components.114 
Zimmerman has also made supramolecular dendritic hexamer architectures exploiting 
carboxylic acid H-bonding dimerization, shown in Figure 1.20.35  The disc shaped 10 nm 
supramolecular architecture 20 had a 14 Å internal cavity, and a stability beyond the 6 
radial –COOH internal dimers in apolar solvents (CHCl3, CH2Cl2, toluene).  The extra 
stability was attributed to secondary stabilization of the discs through van der Waals 
interactions of the peripheral dendrites.  However, these systems also disassemble into 
monomers in more polar environments (THF, DMSO).  Unlike these supramolecular 
systems, which rely on sterics to push the thermodynamic structure to a finite assembly, 
Mascal devised an H-bonding system that exclusively forms a supermacrocyclic hexamer 







Figure 1.20  Zimmerman’s Dendrimer rosette.35 
 
These H-bonded studies provide insight into important principles of self-assembly, 
i.e. chiral amplification,116  “bottom-up” growth to nanoscopic sizes,113  thermodynamic 
self-healing,117  multi-interaction hierarchical growth117  and different morphologies.118  
However, these attractive architectures use repetitive patterns to give complex structures 
without a complex function.37  Additionally, the degradation of these current systems in 
more polar and physiologically relevant media may limit their potential uses, however in 
the solid-state their ability to control and direct lattice structures will advance crystal 
engineering.119 
 
1.5.2 Infinite Polymeric Architectures 
Unlike biological polymers which rely on main-chain and side-chain inter- and 
intramolecular weak interactions to induce folding and structuration events 
supramolecular polymers (SP) rely on intermolecular weak interactions of monomer 




association of many monomers through weak labile interactions self-assembling into an 
infinite network.10  Unlike finite supramolecular systems, whose synthons form 
thermodynamically stable finite architectures, monomer synthons having multiple 
recognition sites complex ad infinitum until all available synthons have been consumed.  
These assemblies can be linear, 2-D or 3-D depending on the number of recognition sites 
per synthons, as shown in Figure 1.21. 
 
s 
Figure 1.21  Potential supramolecular polymeric complexes that can be self-assembled. 
 
 Herein, the stricter definition of a spontaneous self-assembly via a recognition event 
giving a reversible thermodynamically stable system exhibiting chainlike behavior in 
solution (enhanced viscosity) and bulk will be used for supramolecular polymers (SP).17  
When the supramolecular recognition is due to the coordination between a functionalized 
ditopic ligand and a ditopic metal complex the metalla-supramolecular polymers are 




together by bridging ligands, many of these systems are considered purely inorganic, and 
the ‘coordination event’ may require thermal or chemically extreme reaction conditions 
generating more covalent organometallic polymers.120  Herein, CPs will be defined as 
supramolecular organometallic polymeric materials, with the donor atoms of the ditopic 
ligand separated by organic moieties.  These CPs have a reversible thermodynamically 
stable polymeric self-assembly via labile metal-ligand interactions, which requires 
minimal initiation to reach quantitative conversions.  These materials should exhibit 
chain-like polymeric properties in solution and ideally in bulk.  For both SPs and CPs the 
high directionality of the interactions give these materials a distinct 1-D nature akin to 
linear covalent polymers.17  However, an advantage over their covalent predecessors is 
the ability to produce longer chains, which are by definition defect free.121  Additionally, 
the reversible nature of the supramolecular linkages makes these materials self-healing, 
with a rupture repaired by annealing.17  The length of these 1-D systems is determined by 
the degree of polymerization (DP) of the monomer synthons.  Using the multistage open 
association (MSOA) model equation the DP of these systems may be approximated.10, 122, 
123 
 
DP ≈ (Ka[monomer])1/2 (MSOA model equation) 
 
 Based on the MSAO model equation the DP is dependent on both the Ka (temperature 
dependent) and the concentration of the monomeric synthons.  An additional requisite to 
achieve a high DP is to have rigorously pure monomers, monotopic impurities act as 




molecular weight SPs will be formed.  The high molecular weight ensures adequate chain 
entanglement necessary for a solution processing, which is an extremely desirable 
property of polymeric materials. 
 The first reported main-chain supramolecular polymer was self-assembled by Lehn 
using a triply H-bonded diaminopyridine (DAP) system,125  with a Ka of approximately 
103 M-1 in apolar solvents.  SP 23, shown in Figure 1.22 A, had liquid crystalline 
behavior and a helical pitch owing to the chirality of the tartrate backbone.  This study 
and others relied on a small number of repeated H-bonding interactions to give 
interesting solution properties such as liquid crystallinity or light-harvesting,126  but the 
Ka was not strong enough to generate reasonable DPs at dilute concentrations.  However, 
in 1997 Meijer and Sijbesma used the quadruple H-bonding dimerization of 
functionalized 2-ureido-4-pyrimidone (UPy), Ka of dimerization >108 M-1 in apolar 
solvents,17, 124, 127  to form SPs with polymeric properties in both concentrated and dilute 
solutions, shown in Figure 1.22 B.  The improved polymeric properties, which allowed 
for processing into self-supporting solid-state materials, were attributed to the quadruple 






Figure 1.22  A) Lehn’s DAP SP; B) Meijer’s UPy SP.  Stability difference of a triple vs. 





 Meijer’s polymer 25 and its analogs, such as telechelic polysiloxanes, -ethers, -esters, 
-ethylene/butylenes and -carbonates,127  were shown to have viscoelastic properties 
similar to those of traditional polymers.  However, because of the reversibility of the H-
bonding interactions the DP of these materials was responsive to temperature or 
concentration changes. 
 This phenomenon allows these materials to have a low melt viscosity behaving like 
low molecular weight organic compounds.  This permits processing at moderate 
temperatures, below the processing temperatures of their covalent polymeric analogs 
while still retaining many of their desirable materials properties.  Figure 1.23 shows the 




Figure 1.23  Simple processing of Meijer’s UPy SPs.127 
 
 Shortly after Meijer’s seminal work, Zimmerman designed comparable systems with 
similar association strengths.129, 130  These novel materials have found a range of 




coatings,127  to more advanced applications such as tissue engineering131  and plastic 
electronics.132 
 Bailar began working on inorganic CPs almost 40 years ago.133, 134  Since this time 
much of the work on CPs has been on crystal engineering and solid-state structures and 
applications.  These early CPs were not very soluble owing to multiple metal ions and 
often rigid frameworks, which easily degrade in solution making them difficult to 
characterize and process in solution.63, 135  
 The metal-ligand interactions of CPs have a wider range of properties compared to 
the H-bonding interactions of SPs.  The coordination is highly directional and can have 
unique coordination angles, the interaction is generally stronger than H-bonds, and the 
thermodynamic and kinetic stability can be readily tuned by adjusting either the metal 
center or the ligands.136  The variety of possible metal ions and ligands makes functional 
CPs attractive targets with potential catalytic, conductive, luminescent, magnetic, spin-
transition, non-linear optical or porous materials applications.63, 120 
 Common ligand donor atoms are N, O or S, and pyridine is the simplest ligand for 
CP formation in the solid-state, but its Ka is usually too weak for a reasonable DP in 
solution.136  Other common coordination motifs chelate the metal ion increasing the Ka of 
the metal-ligand interaction through cooperative and entropic effects.[136]  Many different 
CP systems using different ligands and/or metal centers have been reported and have 
been thoroughly reviewed.31, 63, 135, 136  Therefore, only several important reports in this 
area will be highlighted. 
 Many early CPs were thermodynamically and kinetically stable, making them inert 




of an SP.137  The goal of many of these studies was to integrate the attractive electro-
optical properties of transition metal complexes into polymeric networks, such as 
Rehahn’s first report of 27, a soluble CP assembled from phenanthroline ligand 26, 
shown in Figure 1.24.  Rehahn chelated 26 with Cu+ or Ag+ salts into robust CP 
architectures in non-competitive solvents giving kinetically labile species with chain-like 
polymeric solution properties.138, 139 
 
 
Figure 1.24  Rehahn’s soluble copper phenanthroline CP.138 
 
 Hunter in 2000 used the well-studied coordination of the dye molecule porphyrin,140 
to synthesize labile self-associating pyridyl functionalized Co-porphyrin monomeric 
synthons 28, with a Ka ≈ 106 – 108 M-1, shown in Figure 1.25.  Hunter’s CP 29 showed 
the characteristic traits of a SP in solution, such as a DP approaching 100 (136 kDA) as 








Figure 1.25  Hunter’s pyridyl-porphyrin Co CP.141 
 
 Terpyridine (tpy), another common ligand, has a tridentate chelation making its Ka 
exceptionally strong.31  Early work in this area was carried out by Kimura self-
assembling tpy binaphthol units into helical CPs with the handedness controlled by the 
chiral binapthol.  These high molecular weight optically active CPs ( DP~ 50 by SEC) 
were investigated as polymeric asymmetric catalysts.142  Schubert has done extensive 
work with tpy ligands generating water soluble telechelic tpy poly(ethylene oxide) 
(tpyPEO) CPs, such as 31 shown in Figure 1.26, with potential applications in water 
purification, food processing, mining and cosmetics.143  By employing and substituting a 
variety of different metal centers (Ka of Zn2+ ≈ Cd2+ < Fe2+ < Ru2+) Schubert could tune 
the photophysical and physical properties of the system, i.e. from a reversible dynamic 





Figure 1.26  Schubert’s Fe-tpy(PEO) water soluble CP.144 
 
 Electro-optical tpy CPs were independently synthesized by both Würthner145  and 
Meijer146 in 2002 using either Zn2+ and Fe2+ or Fe2+, respectively.  Würthner coordinated 
the highly fluorescent perylene bisimide dye through the tpy units,145  and Meijer made 
CPs from tpy end functionalized oligo(p-phenylene vinylene) (OPV) giving π-conjugated 
systems.146  Würthner reported that the perylene bisimide retained 95% of its 
fluorescence after self-assembly showing that the Zn2+ metal center acts only as a 
cohesive unit within the CP due to its closed-shell (d10) electronic configuration.  
However, upon the addition of an iron(II) salt to the monomer synthons the resultant 
solution retained the physical polymeric properties but the fluorescence was rapidly and 
irreversibly quenched, due to metal to ligand charge transfer (MLCT) of the structural 
and functional Fe2+ to the perylene chromophore, shown in Figure 1.27.  Meijer’s system 
self-assembled tpy-OPV 34 into high molecular weight polymer 35, as shown in Figure 
1.28.  These systems are difficult to obtain using standard covalent protocols.  As in the 
case of Würthner’s polymers, the Fe2+ centers again acted as both structural and 









Figure 1.28  Meijer’s high molecular weight PPV CP self-assembled from OPV.146 
 
 Recently, Rowan has carried out elegant studies with tpy-like CPs taking these 




networks147  and also processed 1-D CPs into self-supporting films and fibers with 
interesting properties much like Meijer’s UPy H-bonded SP systems.  Rowan end-
functionalized low molecular weight poly(p-phenylene ethynylene)s (PPE)s or 
poly(tetrahydrofuran) with the tpy ligand analog 2,6-bis(1’-methylbenzimidazolyl)-
pyridine (Mebip) and then self-assembled these monomeric synthons with Zn2+, Fe2+ or 
Cd2+ metal ion salts into high molecular weight supramolecular PPVs.122, 147  Most 
relevant to this thesis research was the self-assembly of the PPE synthons, these 
conjugated systems have strong absorbance and photoluminescence characteristics well-
suited for a variety of applications.  Much like other conjugated systems, difficulties are 
experienced in synthesizing and purifying defect free materials and solution processing 
these rigid structures.  Therefore, high molecular weight SP PPEs self-assembled from 
low molecular weight PPEs appears to be a good strategy.  After self-assembly of Mebip-
PPEs from either Zn2+ or Fe2+ salts, the CPs displayed good solubility and viscosity traits 
in apolar organic solvents.122  Mechanically stable and flexible films and fibers could be 
further formed from the polymeric solutions, as shown in Figure 1.29.  However, the 
fluorescence emission of both the Zn2+ and Fe2+ CPs was completely quenched in both 
the solution and solid-state.  The processability of these materials makes them very 






Figure 1.29  Films and fibers formed from Rowan’s Mebip-PPE SPs.122 
 
 Finally merging these two realms of self-assembled polymers are two reports by 
Schubert that combine both H-bonding and metal-ligand interactions to give hybrid SPs. 
[148, 149]  The SP formed from low molecular weight monomeric synthons had poor 
solubility due to high charge density of the metal centers in the hybrid polymer.  By 
incorporating a high molecular weight caprolactone poly(ester) spacer between the 
orthogonal recognition units.  The charge density is spread out in this revised system, 







Figure 1.30  Schubert’s multifunctional H-bonded/organometallic SP. 148, 149 
 
1.6   Conclusion 
Over the last several decades supramolecular scientist have made great advances from 
the early ground-breaking ‘host-guest’ interactions of Pedersen, Lehn and Cram.20-22  
Several strategies for the preparation of finite molecular nanostructures and infinite 
polymeric systems have been briefly reviewed.  The goal of self-assembly is to quickly 
and spontaneously create novel, robust and functional architectures beyond the scope of 
traditional covalent synthesis.  A variety of novel and robust architectures with primitive 
functions have been reviewed.  Now the current challenge is to increase the functional 
utility of supramolecular systems. 
The intention of all of the projects represented by this thesis is to contribute to both 
of the synthetic supramolecular arenas elaborated upon, developing new functional 
nanostructures and polymers that have thus far not been realized.  These systems are 
assembled through the strong and reversible metal-coordination of established 
recognition units to new complex and functional ligands.  The accomplishments of this 
research will pave the way for larger hierarchical systems.  The ultimate success of these 
proposed systems will further validate this research and the efforts of those who 
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2.1   Abstract 
 In this chapter the metallated pincer complex is described and introduced as a 
powerful supramolecular synthon for the synthesis of both finite and infinite 
architectures.  An overview of its current uses by supramolecular scientist, and a 
description of why and how was used for this thesis research are given. 
 
2.2   Introduction 
The major goal of this thesis was to self-assemble new well-defined functional 
architectures from simpler preprogrammed covalent building blocks.  The ultimate 
architectures will be supramolecular membranes and novel coordination polymers.  
Several design elements must be addressed to realize these goals.  Both projects require 
two types of supramolecular synthons to elicit the desired properties.   
Currently, there are very few reports of peptide-organometallic supramolecular 
architectures, and in the majority of these reports the metal-coordination stabilizes 
naturally occurring architectures such as helices, coils or loops.1-8  We have self-
assembled well-defined peptide synthons with angular and rigid metal recognition units 
to create novel and functional architectures.  A supramolecular peptidal membrane 
having tunable pores, with respect to diameter and function, was chosen as our first 
target.  Requisite for this goal, we designed a cyclic peptide decorated with ligands on the 
periphery.9  A cyclic peptide was chosen due to its attractive self-assembling and 
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transport properties, as well as its synthetically amenable biological scaffold.  The ligands 
on its periphery are able to coordinate to ditopic metal complexes, ideally giving a large 




Scheme 2.1  Cartoon depicting the first generation of a supramolecular membrane 
structure. 
 
For our polymer project, we chose to incorporate cruciform molecules into a 
supramolecular network.  Cruciforms are a class of conjugated “X-shaped” molecules 
with unique electro-optical properties, which may have potential applications in light 
emitting devices.  However, polymeric cruciform systems will have properties more 
amenable to solution processing, thus simplifying device fabrication.  Before this study, a 
supramolecular polymeric cruciform system had not been investigated; a supramolecular 
strategy incorporates the best features of both a small molecule and polymeric system.  
This design required a cruciform synthon having terminal ligands along one axis that 
formed an infinite polymeric architecture when coordinated to a ditopic metal complex, 
as depicted in Scheme 2.2.  By switching out one cruciform synthon for another 
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cruciform, with a different emission and coordination strength, a set of related polymeric 
materials having a range of physical and photophysical properties were rapidly prepared. 
 
 
Scheme 2.2  Cartoon of supramolecular polymer. 
 
2.3   Metallated Pincer Complexes 
 The second synthon for both projects was a metal complex recognition unit, which 
will acted primarily as a cohesive structural agent holding together the respective 
supramolecular frameworks.  This synthon was required to have a thermodynamically 
strong and kinetically reversible complexation, which was quick and quantitative in 
apolar and polar solvents.  To create the proposed architectures the recognition needed to 
also be highly directional and angularly rigid.  All of these design elements were satisfied 
via metal-coordination between a ligand and a transition-metal complex. 
 Metallated pincer complexes are a popular recognition motif for incorporation into 
supramolecular synthons owing to their unique properties which met the above design 
requirements.10  The metallated pincer complex, named after the pincer military 
formation where the attack occurs from two flanks and the front, has a central aromatic 
core with 2,6 substituted donor arms.  These arms wraps around the metal center with a 
tridentate chelation.11  The ligand then cyclometallates via two dative bonds between the 
2,6 neutral 2-electron donors (E), commonly nitrogen, phosphorus or sulfur atoms, and 
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the metal ion.  The metal center (Pd, Pt) then forms a strong organometallic σ-bond to the 
1-carbon (C) giving the pincer complexes an ECE nomenclature, substituents at the 4-
position can be used to tune the electronics of the system or for tethering of a functional 




Figure 2.1  Common ECE pincer ligands before and after cyclometallation.10
 
 The steric demands of the ligand on the metal center, gives the complex limited 
reactivity at this position.  The most frequently encountered pincer complexes are SCS 
(Sulfur-Carbon-Sulfur),12-27  PCP (Phosphorus-Carbon-Phosphorus)28, 29  and NCN 
(Nitrogen-Carbon-Nitrogen) complexes,11, 30-45  the donor atoms have different activation 
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potentials (S < N < P), thus SCS pincer complexes can only be cyclopalladated, and NCN 
pincer comlexes may be cyclopalladated or –platinated.10
 The coordination around the metal ion of this 16e- neutral complex has a square 
planar geometry with the fourth coordination site 180° from the C-M bond usually 
occupied by a halide atom.10  This halide atom may be abstracted via chemo-activation 
with a suitable silver salt (AgBF4, AgOTf, AgNO3) precipitating a silver halide and 
creating a cationic 16e-complex with an open coordination site and a noncoordinating 
counterion.  This open site has been shown by NMR to be occupied by a solvent 
molecule but has a strong coordination to select ligand classes,46  specifically: nitriles < 
pyridines < thioureas < phosphines, which displace the solvent or weaker bound ligand to 
form a chemo-reversible bond, as shown in Figure 2.2. 
 
 
Figure 2.2  Metallated pincer complex activation via halide abstraction and subsequent 
ligand displacement by a functionalized nitrile and then a functionalized pyridine. 
  
 Supramolecular chemist are fond of this particular metal-ligand interaction because 
of its easily activated, fast and quantitative coordination, which has been exploited to 
quickly grow an architecture under mild ambient conditions.  The single site and 
directional coordination gives a well-defined architecture, and the ligands can have 
pendant tethering units providing additional means for functionalization.  Finally, 
because of the established and predicable coordination strength of the above ligand 
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classes, a weaker ligand may be quantitatively displace by a stronger one easily providing 
hierarchical architectures. 
 
2.4   Prior Supramolecular Uses of Metallated Pincer Complexes 
 Reinhoudt has carried out extensive work using both ligand displacement and 
hierarchical self-assembly strategies to create novel nanostructures such as 
metallodendrimers using both divergent and convergent synthetic strategies with 
bifunctional SCS-Pd –cyano and/or -pyridyl dendrons,12, 17, 18, 22  and multimetallic Ni, Pd 
and Pt containing dendrimers, metallated from PCP-phosphino pincer complexes.29  
Reinhoudt later used an orthogonal self-assembly methodology to synthesize a unique 
hierarchical dendrimer with a self-assembled convergent H-bonded rosette core and 
metallated pincer dendrites grown divergently outward.21  Shown in Figure 2.3 is the 




Figure 2.3  Divergent growth of a G3 Pd-metallodendrimer.22
 
 Most recently, Reinhoudt has focused on attaching pincer complexes to surfaces in 
self-assembled monolayers (SAMs), developing “bottom-up” supramolecular strategies, 
for the controlled placement of metal nanoclusters on the functionalized SAMs, as shown 
in Figure 2.4.19  In these reports organometallic dendrimers are grown divergently 
outward from a single surface bound metallated pincer species giving well-defined 




Figure 2.4  Controlled placement of Gold nanoparticles on a pincer complex 
functionalized SAM.19
 
 A second cyclometallation step may be carried out at the 4-position of a 2,3,4,5 donor 
substituted aromatic core giving bimetallic pincer complexes.  These metallated bis-
pincer complexes have a planar and rigid 180° ditopic coordination geometry making 
them ideal synthons for building up supramolecular architectures via their linear 
coordination geometries.  Loeb and van Koten synthesized the first SCS47  and NCN 




Figure 2.5  Linear ditopic bimetallic pincer complexes 147  and 2.36, 37
 
 Loeb pioneered self-assembly studies with metallated pincer complexes in 1993 
using 1 to form infinite CP 3 via coordination with 1:1 stoichiometric ratio of ditopic 
pyrazine, shown in Figure 2.6.47  Loeb later coordinated a ditopic phenanthroline unit to 1 
forming thermodynamically stable hexameric architecture 4, shown in Figure 2.6, in 
quantitative yields.48  Most recently, Loeb used a monometallic SCS-Pd pincer complex 
to make a calixarene metalloreceptor, which had a high selectivity for phenylpyridines.49
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Figure 2.6  Loeb’s infinite, 347  and finite, 448  supramolecular architectures. 
 
 Van Koten used the fast and reversible Lewis acid-base complexation of NCN-Pt 
complexes with SO2(g) in the crystalline solid-state, which lead to a reversible and 
quantitative transformation of the crystal lattice structure.  This system, shown in Figure 
2.7, was proposed as a potential SO2 activated sensor or switch.39, 40
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Figure 2.7  van Koten’s reversible solid-state SO2(g) sensor.40
 
 More recently, Craig and Weck used metallated pincer complexes for the synthesis of 
main-chain,14, 41  side-chain13, 24, 25  and cross-linked27, 42, 43, 45  supramolecular polymeric 
systems.  Craig used the self-assembly of functional metallated pincer complexes to 
examine the dynamics of supramolecular assemblies in order to engineer their final 
properties.  Craig primarily studied the dynamic behavior of NCN-Pd and -Pt main-
chain41  and cross-linked polymers42, 43, 45  examining different substituents on the E-
donor arms of pincer ligand and their effects on the dissociation constant (Kdiss) and thus 
physical polymeric properties and cross-linking behavior.  Dynamic cross-linking of 
poly(vinylpyridine) (PVP) via a Pd or Pt complex is shown in Figure 2.8.45  The cross-
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linking is more pronounced when R is an ethyl group due to a slower Kdiss even though 
the methyl system has a similar Ka. 
 
 
Figure 2.8  Craig’s dynamic metal-coordinated cross-linking of PVP.45
 
 Weck used an SCS-Pd pincer complex or one of its ligands as side-chain metal-
coordinating synthons along a poly(norbornene) backbone in an orthogonal 
functionalization strategy along with DAP H-bonding side-chain synthons, creating the 
‘universal polymer backbone’ shown in Figure 2.9.13  Weck used this strategy for rapid 
optimization of supramolecular polymeric materials through multifunctionalization and 




Figure 2.9  Weck’s ‘universal polymer backbone’, orthogonal functionalization of 
metallated pincer complexes shown.13
 
 Reliable supramolecular synthons should have fast, strong and selective recognitions, 
thus ensuring the formation of kinetically and thermodynamically favored 
supramolecular architectures.  Metallated pincer complexes have been shown by Weck 
and others to be excellent candidates, satisfying all of these requirements. 
 All of the provided reports are synthetic accomplishments displaying the ingenuity 
and creativity of the respective researcher.  However, self-assembly studies using 
metallated pincer complexes have not been carried out on any biological systems.  Based 
on their strong coordination in polar solvents they may be well suited for this role.  
Furthmore, the majority of the pincer complex polymeric studies were dedicated to side-
chain functionalization strategies, or the elucidation of the fundamental behavior of main-
chain coordinated polymers as opposed to the development of new functional 
supramolecular materials.  This thesis research has built upon these early investigations 
making new supramolecular biologically relevant peptide architectures and functional 
coordination polymeric materials. 
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3.1  Abstract 
This chapter describes the synthesis and controlled assembly of four model 
organometallic-peptide assemblies via coordination of a monometallic SCS-Pd pincer 
complex to four new unnatural pyridyl-tripeptides.  This investigational study was carried 
out to determine if a metallated pincer complex is an adequate recognition unit for the 
self-assembly of peptidal supramolecular synthons in polar solvents.  The assembly 
events were fully characterized and investigated by 1H NMR, ES-MS, and isothermal 
titration calorimetry (ITC) to elucidate the coordination behavior of these new 
supramolecular synthons.  Using these characterization techniques, we have shown that 
the metal-coordination events in all cases is quick and that in each case the peptide 
backbone does not interfere with the coordination.  The ITC analyses showed that the 4–
pyridyl tripeptides have a stronger coordination than their 3-pyridyl analogs to the metal 
center.  The measured Ka’s are comparable to other pincer-pyridine systems in DMSO 
suggesting that the controlled coordination of the metallated pincer/pyridine interaction is 
an interesting biological supramolecular synthon and will allow for the future 
development of supramolecular cyclic peptide-based nanoporous membranes. 
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3.2   Introduction 
Organic supramolecular structures and assemblies hold great promise as building 
blocks for precision nano-materials and structures that are otherwise conceptually 
inaccessible.1-5  Through the use of controlled metal-coordination at targeted positions in 
natural or synthetic peptides one might be able to design well-defined persistent 
architectures,6-8  thereby creating self-assembled biologically relevant and unique 
materials.  Herein, we present as a step towards this thesis goal the coordination of 
peptides with metallated pincer complexes, by embedding complementary recognition 
units in the peptide side-chain.   
In biomacromolecules metal-coordination plays an essential role in many of life’s 
processes.9-11  In the burgeoning field of supramolecular chemistry, metal-coordination 
already has a vital role in the assembly of purely synthetic systems;12-14  creating 
geometric and highly controlled architectures,12-20  or functional polymeric materials.21-32  
However, its use in the assembly of biological supramolecular archtectures, specifically 
with peptides is not nearly as developed. 
The early use of metal-coordination to control the design and folding of natural 
peptides was reported in 1990 by Ghadiri33, 34  and Degrado.35  Ghadiri coaxed short 
linear peptides to form helices by crosslinking the peptides with transition metal ions via 
side-chain coordination of two natural residues at the i and i+4 positions, as shown in 
Figure 3.1.  Degrado used the coordination of histidine residues to Zn2+ to fold a peptide 
into a structural approximation of the enzyme carbonic anhydrase.36  Sasaki was the first 
to use unnatural ligands to self-assemble triple helix bundles by chelating Fe2+ with 




Figure 3.1  Ghadiri’s metal-coordinated Helix, X1= cysteine X2= histidine, M= Zn2+, 
Cd2+, Ni2+ or Cu2+.33, 34
 
The synthesis of peptides with unnatural residue side-chains was the next step 
towards greater complexity and control in metal-coordinating peptides.  Novel synthetic 
residues preserve the peptide backbone and can be redefined ad infinitum creating 
diversity within supramolecular systems.39  Towards this goal, Hopkins synthesized a 
peptide with two identical unnatural residues containing a diiminoacetic acid side-chain.  
Similar to Ghadiri’s natural peptides this system only formed a helix in the presence of a 
chelating metal ion.40
After Hopkin’s seminal work there were many reports using peptides with unnatural 
amino acids with metal-coordination to stabilize or create nanostructures such as 
helices,41, 42  loops,43  cycles,39  and other scaffolds.44-46
Our report was the first study of peptides containing side-chain recognition units 
coordinated to a metallated pincer complex.  We envision these peptides as models.  
Once fully understood, they may be situated into a cyclic peptide framework and 
coordinated with multi-functional/faceted metallated receptors, such as a ditopic 
bispincer complex, into larger networks and membrane architectures. 
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The metallated pincer complex was chosen as the metal-coordinating recognition 
unit,47  because its chemo-activated, single site metal-coordination step was shown to be 
fast, quantitative, and chemo-reversible in a variety of solvents.16, 41, 47-50  In this study, 
we specifically investigated the coordination between an SCS-Pd pincer complex and 
pyridyl ligands incorporated into the side-chains of our unnatural peptides.  It was 
envisaged that this design strategy would open up a simple and direct avenue to new 
peptide-supramolecular structures, making the metallated pincer complex an ideal 
candidate for achieving our goals. 
Currently, the only reported use of a metallated pincer complex with a peptide or an 
amino acid was described by van Koten.51-53  In this case, NCN-Pt pincer and Pd pincer 
complexes were covalently attached to the N-terminus of an amino acid and then peptide 
chain, as shown in Figure 3.2.  However, in their articles the authors did not describe this 
system as an assembly unit.  Nevertheless, we evaluated their elegant approach as a 
possible strategy towards the controlled noncovalent synthesis of peptide-based materials.  
Unfortunately, the functionalization at the N-terminus of the peptide clearly limits the use 
of this design as a general synthon in metal-coordination based peptidal architectures. 
 
 




For our approach, we chose a pyridyl side-chain residue as a selective recognition 
unit for the metal-coordination to the SCS-Pd pincer complex.  A pyridyl moiety was 
chosen as the functional side-chain since a) there are already a handful of reports using 
nitrogenous heteroaromatic side-chains as receptors for self-assembly in this area of 
supramolecular chemistry41-46  and b) the use of pyridine as a ligand for metallated pincer 
complexes has been established over the last decade.15, 25, 26, 32, 47, 48, 54, 55
In this initial contribution we synthesized and investigated four tripeptides as 
supramolecular synthons 1-4, shown in Figure 3.3, each with the unnatural pyridyl side-
chain residue in the center being flanked by two terminally protected glycine residues. 
 
 
Figure 3.3  Four model tripeptides containing an unnatural pyridyl glycine or pyridyl 
alanine as the central residue. 
 
Each of these four peptides had a different substitution pattern and spacing of the 
central pyridine side-chain from the peptide backbone.  These variations were expected to 
lead to different coordination geometries and strengths.  We studied the metal 
coordination capabilities of tripeptides 1-4 with p-methoxy SCS-Pd pincer complex 5 in 
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DMSO, shown in Figure 3.4, because a self-assembled biomaterial should have a strong 
labile interaction that is fast and quantitative in a polar environment.  The behavior of 
each unique coordination event was characterized by 1H NMR spectroscopy, ITC, and 
ES-mass spectroscopy to determine which substitution pattern and spacing distance is 
ideal for these model synthons, to establish Ka’s, and to ascertain any influences of the 
peptide backbone on this coordination.  Ultimately this detailed analysis allowed us to 
develop novel cyclic peptide supramolecular synthons, which may be coordinated with 
metallated pincer complexes giving architecturally complex biomaterials and scaffolds. 
 
 
Figure 3.4  Activation and coordination of p-Methoxy SCS-Pd pincer complex 5 to 
tripeptide 1 in DMSO.  
 
3.3   Results and Discussion 
Metallated pincer complexes are known to coordinate to nitrogen containing 
heteroaromatic units other than pyridine, such as pyrazine.32  Therefore, if histidine with 
its imidazole side-chain would coordinate quantitatively to metallated pincer complexes, 
histidyl peptides or related derivatives would be the simplest and most direct route 
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towards our goal.  Therefore, we first examined the coordination of imidazole and methyl 
imidazole with a SCS-Pd pincer complex as a preliminary study.  However, the 1H NMR 
spectra of the metal-coordination of both imidazole and methyl imidazole to metallated 
pincer complexes showed no clear or strong coordination pattern indicating that no clean 
or controlled single metal-coordination event took place. 
 
3.3.1 Peptide Synthesis 
 
Based on the unsatisfactory imidazole/methyl imidazole-Pd pincer study, we used 
pyridine, which is the most common ligand for metallated pincer complexes,47  in our 
design.  The four distinct tripeptides (1-4) were made with a pyridyl-glycine or -alanine 
amino acid via solution-phase peptide synthesis using two different strategies, Scheme 
3.1 shows the synthesis of the pyridyl-alanines and Scheme 3.2 shows the synthesis of the 
pyridyl-glycines.  The C-termini of all tripeptides were protected as methyl esters and the 
N-termini were protected with a phthaloyl group.  After purification by RP-HPLC, these 
tripeptides, except 1, crystallized easily from a CH3CN/water mixture. 
 
3.3.2 Pyridyl Alanine Tripeptide Synthesis 
 
Protected versions of the 3- and 4-pyridyl alanine amino acids were commercially 
available and tripeptides 2 and 4 were synthesized using conventional peptide coupling 
techniques.  A nonfunctional isosteric phenylalanine tripeptide 6, was also synthesized 








Scheme 3.2  Synthesis of nonfunctional isosteric tripeptide 6. 
 
The syntheses of the Boc-protected dipeptides 7-9 were carried out using 
dicyclohexyl carbodiimide (DCC) as the condensing agent and the nucleophilic additive 
1-hydroxybenzotriazole (HOBt) in THF with yields of 88%, 95%, and 90% for 7, 8, and 
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9 respectively.  The Boc-group of dipeptide 9 was removed using a 1:2 TFA:CH2Cl2 
solution.  However Boc-deprotection of dipeptides 7 and 8 with TFA led to trifluoramide 
terminated dipeptides under a variety of coupling conditions.  Therefore, these Boc-
groups were removed with a saturated methanolic solution of HCl.  The best results for 
the tripeptidation coupling step were realized with benzotriazole-1-yl-oxy-tris-
pyrrolidino-phosphonium hexafluorophosphate (PyBOP) as the condensing agent and the 
nucleophilic additive 1-hydroxy-7-azabenzotriazole (HOAt), giving overall yields of 78 
%, 64 %, and 87 % for 2, 4, and 6 respectively.  X-Ray structural analysis shows the 
different orientations of the pyridine nitrogen in peptides 2 and 4, shown in Figure 3.5 
and Figure 3.6, respectively. 
 
 
Figure 3.5  Crystal structure of tripeptide 2. 
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Figure 3.6  Crystal structure of tripeptide 4. 
 
3.3.3 Pyridyl Glycine Tripeptide Synthesis 
The synthetic route towards glycyl derivative 1 was not as straight forward as the 
alanyl derivatives.  Not commercially available, the 4-pyridyl glycine residue was first 
synthesized but never isolated as the carboxylic acid due to an inherent instability, which 
led to spontaneously decarboxylation upon acidification of the lithium carboxylate salt to 
isolate the pyridinium amino acid residue.  This exacerbated the synthesis of the pyridyl 
glycyl amino acid of 1, therefore a different synthesis in comparison to 2 and 4 was 
developed that went directly to the dipeptide.   This was done using a modified Strecker 




Scheme 3.3  Synthesis of tripeptides 1 and 3 using a modified Strecker synthesis. 
 
The synthetic protocol used a protected amino sugar as an auxiliary, forming an 
imine with the appropriate pyridine carboxaldehyde precursor, that is attacked by the 
isonitrile to give the protected dipeptides10 and 11 with yields greater than 90 %.  The N-
terminus protections were removed with a two part one-pot methanolic/aqueous HCl 
deprotection.  After reesterification, the HCl salts of 10 and 11 were then converted to 
tripeptides 1 and 3 using the same tripeptidation step as the alanyl derivatives, with 
overall yields of 86 % and 70 % for 1 and 3, respectively.  Suitable crystals for peptide 1 
could not be obtained, but X-ray structural analysis of peptide 3, shown in Figure 3.7, 
shows the rigidity of the pyridine moiety relative to the peptide backbone in comparison 
to peptides 2 and 4. 
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Figure 3.7  Crystal structure of tripeptide 3. 
 
3.3.4 p-Methoxy SCS-Pd Pincer Synthesis 
 
The synthesis of the palladated pincer complex 5 started with the methylation of 12 
to 13 using iodomethane, which was then palladated to yield 5 following standard 
literature procedures with an overall yield of 92%, shown in Scheme 3.4.54, 63, 64
 
 
Scheme 3.4  Synthesis of p-methoxy SCS-Pd pincer 5. 
 
Pd-pincer complex 5 could be further recrystallized from CHCl3 as large yellow 
crystals.  X-ray structural analysis shows the thiophenol rings in an anti conformation 








Peptides 1-4 were synthesized to fully characterize and understand the coordination 
pattern and association strength of each new peptide ligand.  The limited solubility of all 
four peptides and their coordinated complexes in less polar organic solvents (CHCl3 and 
CH2Cl2) that are traditionally used to assemble metallated pincer-ligand complexes was a 
challenge.  Since the overall goal of this project is to develop peptidal metal-coordinated 
self-assembly in polar solvents, all of our coordination studies were carried out in 
DMSO.  Several contributions of metallated pincer complexations in polar solvents such 
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as MeOH, H2O, and DMSO have been reported in the literature.18, 48-50, 65  A significantly 
weaker binding in DMSO was expected versus assemblies in CHCl3 and CH2Cl2 due to 
polarity differences as well as its competitive coordination which leads to solvent assisted 
dissociations and faster exchange rates.   
3.3iii  NMR characterization of the coordination 
For all NMR spectral experiments, peptides 1-4 were dissolved in d6-DMSO, in an 
NMR tube, and 5 was titrated into the DMSO solution until a 1:1 molar ratio was 
established.  Then, one equivalent of AgBF4 in d6-DMSO was added that led to an instant 
precipitation of AgCl.  This was the first evidence of coordination.  The salt was then 
filtered off and each coordinated species analyzed. 
Pincer ligand-metal complexes are traditionally characterized by 1H NMR 
spectroscopy.48, 66  The protons in resonance with or near the site of coordination 
generally show characteristic shifts in the 1H NMR spectrum of the coordinated species 
versus its un-coordinated counterparts.48  A 1:1 molar solution of the tripeptides and Pd 
pincer complex 5 in d6-DMSO showed quantitative shifts in the signals of interest.  As an 
example, Figure 3.9 shows the 1H NMR spectra of the coordination of 4-pyridyl alanyl 




Figure 3.9  Stacked 1H NMR spectra in d6-DMSO depicting metal-coordination of 5 to 2, 
with the arrows in D pointing towards the diagnostic shifts: A) peptide 2, 0.01 M; B) 
pincer complex 5, 0.01 M; C) 1:1 mixture of 2 and 5, 0.006 M; D) 1:1 mixture of 2 and 5 
after the addition of one equivalent of AgBF4(s), 0.006 M. 
 
The observed shifts for the metal-coordination of all four peptides with 5 are 
tabulated in Tables 3.1 and 3.2 and assigned in Figures 3.10 and 3.11.  These 
characteristic shifts are not as dramatic as shifts seen in less coordinating organic 
solvents.19, 26, 66  This is due to the d6-DMSO, which can facilitate the displacement and 
exchange of coordinated-uncoordinated pyridines via a solvolysis pathway leading to a 
signal broadening associated this fast equilibrium.48  All observed shifts are caused by 
both changes in the electronics of each unit of the supramolecular system after 
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coordination and an overlap of protons in new ring-currents as the two coordinated 
molecules come into close proximity.48  These effects can counteract and interfere with 
each other leading to the erratic shifts in each system and complicating the determination 
of these weaker binding constants using 1H NMR spectroscopy. 
 
 
Figure 3.10  Proton assignment for 4-pyridyl peptides (1 & 2) coordinated to 5. 
 
Table 3.1  1H NMR shifts in ppm of relevant protons on 4-pyridyl peptides (1 & 2) and 5 
before and after metal-coordination, with a final concentration of 0.006 M of each 













Hα 8.56 8.48 Hα 8.45 8.38 
Hβ 7.45 7.52 Hβ 7.31 7.35 
H1 7.43 7.44 H1 7.43 7.39 
H2 7.82 7.65 H2 7.82 7.65 










Figure 3.11  Proton assignment for 3-pyridyl peptides (3 & 4) coordinated to 5. 
 
Table 3.2  1H NMR shifts in ppm of relevant protons on 3-pyridyl peptides (3 & 4) and 5 
before and after metal-coordination, with a final concentration of 0.006 M of each 













Hα 8.50 8.36 Hα 8.43 8.34 
Hβ 8.62 8.63 Hβ 8.43 8.34 
Hγ 7.79 7.90 Hγ 7.64 7.73 
Hδ 7.40 7.47 Hδ 7.30 7.41 
H1 7.43 7.44 H1 7.43 7.41 
H2 7.82 7.72 H2 7.82 7.73 
H3 6.65 6.71 H3 6.65 6.65 
 
 
Since this is the first peptide-pincer complex coordination study, we wanted to 
clearly establish that all the observed shifts are due to a 1:1 well-defined coordination.  In 
all coordination experiments, subtle shifts of the amide protons between 8.5-9.0 ppm 
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occurred.  These shifts could be innocuously caused by the overall change in the 
electronics of the molecule through the coordination of the pincer solely at the pyridine, 
or through a perturbation of the hydrogen-bonding network of these protons via 
coordination of the amide nitrogens with a small percentage of residual silver salts still in 
solution.  Alternatively, an undesirable complexation of the amide protons to the 
activated metallated pincer complex may be responsible for these shifts resulting in an ill-
defined system.   
To determine the nature of the amide proton shifts, we characterized a 1:1 mixture of 
AgBF4 and peptide 2 using 1H NMR spectroscopy.  The 1H NMR spectrum showed very 
slight shifts (less than 0.1 ppm) of the β-pyridine protons and the amide protons, 
implying that some interaction of backbone nitrogens with excess residual silver ions 
does occur.  
To probe if a noncovalent interaction of the pincer complex with the amide backbone 
was also taking place, we prepared a 1:1 mixture of nonfunctional isosteric peptide 6 and 
complex 5 in d6-DMSO and acquired the 1H NMR spectrum of the solution before and 
after the addition of one equivalent of AgBF4.  There was no change in any of the peptide 
signals after addition of the silver salt.  Therefore, the shifts observed in the backbone 
amide protons are due to a change in the overall electronics after coordination and to a 
lesser extent from secondary interactions of the amide nitrogens with residual silver ions.  
These two results clearly prove that no coordination took place between the amide 
backbone and complex 5 and that complexation occurs only at the nitrogen pyridine in a 
highly controlled fashion. 
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3.3iv Characterization of the peptide-Pd pincer complex by Mass Spectrometry 
In the literature, it has been reported that complexed pincer systems can be analyzed 
by mass spectrometry (MS) using several different ionization techniques (FAB, MALDI-
TOF, ES).19, 20, 50, 67  We found that electrospray (ES) ionization in a neutral medium of a 
1:1 mixture of water and MeOH was mild enough to permit detection of the complexed 
species.  The spectra for the complexes 1.5 and 3.5 showed a signal at 867.1 
corresponding to the molecular ion peak of [(1.5 or 3.5) – BF4]+.  Other significant signals 
present in the spectrum are at 411.1 (1.H+, or 3.H+) and 457.0 for [5 – Cl]+ corresponding 
to the peptide and pincer building blocks, respectively.  These signals are most likely due 
to disassembly events during the ionization in the mass spectrometer.  Related signals in 
the ES-MS spectra of 2.5 and 4.5 again displayed the characteristic signal at 881.4 
corresponding to the molecular ion signal of the complexed species [(2.5 or 4.5) – BF4]+ 
and the disassembled signals at 425.2 (2.H+, or 4.H+) and 457.2 for [5 – Cl]+. 
 
3.3v Characterization of the bond strength using Isothermal Titration Calorimetry 
(ITC) 
After confirmation by 1H NMR and ES MS that complexation had occurred, we next 
investigated the bond strength of each coordination event using ITC.  This was done to 
identify the optimal synthon, i.e. the strongest building block for our envisaged biological 
cyclic networks.  ITC, a technique widely used by biochemists is quickly becoming 
routine in supramolecular chemistry,68  because of its ability to directly measure the 
enthalpy of binding to provide a complete thermodynamic characterization.69, 70  In our 
ITC experimental set up, we titrated each peptide into a DMSO solution of the CH3CN 
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Scheme 3.5  Activation of 5 and coordination with CH3CN, giving 14, followed by 
displacement of CH3CN by 1. 
 
Activation of 5 and subsequent coordination with CH3CN to 14 was carried out prior 
to the ITC experiments in order to fully remove any AgCl precipitates, which could foul 
the ITC sample sell.  CH3CN was complexed to the palladium center to occupy this open 
coordination site.  Our naked Pd-pincer complex appears to not be adequately 
coordinated by the DMSO solvent as a reasonable titration curve could not be generated 
from it,65 possibly due to a rapid decomposition.  However, it  is well documented in the 
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literature that nitriles are instantaneously replaced as ligands on Pd pincer complexes by 
pyridines or phosphines.47, 71  Therefore, the CH3CN complexed to the Pd center can be 
viewed as a labile ligand (or protecting group) that is replaced by the pyridyl-tripeptides 
quantitatively upon addition. 
The pincer metal-coordination is regarded as one of the stronger weak labile 
interactions and is essentially kinetically irreversible in low polarity solvents (ITC 
measurements of pyridines coordinating to pincer complexes in CHCl3 were above the 
upper limits of our instrument, Ka values >109 M-1) but due to the highly polar and 
coordinating nature of DMSO, the Ka values are known to be significantly lower.48, 49  
We detected the same trend for the coordination of all four tripeptides with 5.  In all 
cases, highly reproducible hyperbolic titration curves characteristic of a weaker binding 







Figure 3.12  ITC curve of tripeptide 2 displacing a CH3CN ligand from activated pincer 
complex 14. 
 
The 4-pyridyl systems have Ka values > 1200 M-1 while the 3-pyridyl systems have 
Ka values < 800 M-1, all values are shown in Table 3.3.  These Ka values fall in between 
those of 4-picoline and pyridine, respectively, showing that the peptide backbone does 
not interfere with the coordination of the pyridyl moiety to the Pd pincer complex.  
 
Table 3.3  ITC Ka values of tripeptide 1-4, pyridine, and 4-picoline displacing CH3CN 
from activated pincer complex 14. 
Complex Ka (M-1) 
1.5 1190 ± 108 
2.5 1580 ± 194 
3.5 521 ± 54 
4.5 757 ± 87 
pyridine.5 382 ± 91 




While crystal structures of the coordinated complexes could reveal the nature of the 
coordination geometries and possibly shed light on each Ka value, none of the tripeptide 
complexes formed crystals suitable for characterization via single crystal crystallography.  
Attempts can be made to explain the different Ka values through a combination of sterics 
and electronics.  The ITC data show the superiority of the 4-pyridyl peptides, based on 
the available X-ray structures of uncoordinated tripeptides 2-4.  It can be inferred that the 
nitrogen of the pyridyl moiety is presumably more sterically accessible in the para-
substituted 4-pyridyl peptides (1 and 2) versus the meta-substituted 3-pyridyl peptides (3 
and 4), accounting for part of the difference in Ka values.The tighter binding of all four 
tripeptides vs. pyridine can be rationalized entropically with all tripeptides having fewer 
degrees of freedom compared to pyridine and through the activation via electron donation 
of the methylene or methine groups adjacent to each of the pyridines in the peptide, 
which should activate them and ultimately increase their association constants.  The 
stronger association of the alanyl derivatives versus their glycyl homologues can most 
likely be attributed to this same electronic activation, which is greater in the alanyl 
derivatives because of the greater electronic decoupling of the pyridine ring from the 
peptide backbone via the methylene spacer.  Similar observations have been reported 
previously by Reinhoudt48  and van Koten73  establishing a Hammett like relationship of 
binding strength to electron donation ability of the para-substitutuent on multiple 
pyridine ligands.  The Ka values of the 4-pyridyl peptides, 1 and 2, are comparable to the 
coordination events in other supramolecular systems74-76  and will make excellent 
additions to the peptidal-supramolecular repertoire. 
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3.4   Conclusion 
 
We have synthesized four new unnatural tripeptides (1-4) containing a central residue 
with a pyridyl side-chain.  The complexation of each tripeptide with a p-methoxy 
terminated SCS-Pd pincer complex (5) was investigated in detail.  The metal-
coordination was characterized and evaluated by 1H NMR spectroscopy, ES-mass 
spectroscopy, and ITC.  Each spectroscopic method confirmed that coordination of each 
tripeptide to the Pd pincer complex has occurred quantitatively without any competitive 
coordination of the peptide backbone heteroatoms.  The ITC analyses also showed that 
the 4–pyridyl tripeptides, 1 and 2, are the tightest binding ligands towards 5.  Alanyl 
derivative 2 was the strongest overall demonstrating the superiority of the 4-pyridyl 
peptides over their 3-pyridyl analogs.  Finally, the measured Ka values are comparable to 
other pincer-pyridine systems in DMSO49, 65  suggesting that the controlled coordination 
of the metallated pincer-pyridine interaction is an interesting biological synthon and, with 
the use of multifaceted 3-D receptors, these peptide ligands can be used to assemble new 
and interesting biological scaffolds. 
This is the first study that describes the controlled coordination of a palladated pincer 
complex with unnatural peptide sequences as its complementary ligand.  Our next step in 
this area will be to incorporate the unnatural residue ligands into cyclic peptides and self-
assemble them with ditopic bis-metallated pincer complexes creating well-defined 




3.5   Experimental 
 
Materials and Methods: 
Boc-L-4-pyridyl alanine and boc-L-3-pyridyl alanine were purchased from Peptech 
Corp.  CH2Cl2 and THF were dried via passage through Cu2O and alumina columns.  
N,N-Diisopropyl-ethyl amine (DIEA) and triethylamine (Et3N) were distilled from 
sodium/benzophenone keytl, and TFA was distilled from P2O5.  DMSO was degassed by 
stirring under vacuum at 50 mmHg for 30 minutes.  All glassware was flame dried or 
placed in an oven overnight at 130 °C.  Compounds were analyzed by use of UV light 
(254 nm), I2, or a 0.3% solution of ninhydrin in 3% AcOH/n-butanol.  RP-HPLC eluant 
was a mixture of H2O with an increasing gradient of CH3CN, on a C18 reverse phase 
column.  NMR spectra were recorded at 298 K (1H NMR: 300 MHz; 13C NMR; 75 
MHz).  Chemical shifts are reported in parts per million (ppm), using residual solvent as 
an internal standard.  Data reported as follows: chemical shift, multiplicity (s = singlet, d 
= doublet, t = triplet, q = quartet, dd = doublet of doublets, m = multiplet, b = broad), 
coupling constants, integration, proton assignment.  Mass spectroscopy ionization was 






A solution of 12 (1.12 g, 3.3 mmol) and MeI (0.70 g, 5.0 mmol) in anhydrous THF 
(50 mL) and added Cs2CO3 (1.29 g, 4.0 mmol) in one portion and let stir for 12 h at 25 
°C, the solids were then filtered off and the solvent under reduced pressure.   The crude 
oil was redissolved in EtOAc and purified by flash column chromatography (silica gel, 
eluant: 80:20 hexanes:EtOAc) and the product dried in vacuo to give a clear oil (1.10 g, 
94%).  1H NMR (300 MHz, CDCl3) δ: 7.34-7.13 (m, 10H, Ar H), 6.86 (s, 1H, Ar H), 6.70 
(s, 2H, Ar H), 4.04 (s, 4H, Ar-CH2-S), 3.71 (s, 3H, CH3-O); 13C NMR (75 MHz, CDCl3) 
δ:159.7, 139.1, 136.4, 129.9, 128.9, 126.4, 121.7, 113.2, 55.2, 38.94; MS (EI, 70 eV) 
m/z: M+ 352 (90), 243 (100), 210 (32), 134 (26), 91 (25); HRMS (EI, 70 eV) calcd for 
C21H20OS2: 352.09459, found: 352.09556. 
 
Pd-Cl (5-methoxy-1,3-phenylene)bis(methylene)bis(phenylsulfane) (5): 
 
A solution of PdCl2(NCPh)2 (0.85 g, 2.2 mmol) and 13 (0.82 g, 2.2 mmol) in 
CH2Cl2:CH3CN 1:1 (20 mL) was allowed to stir at 25 °C for 15 min becoming an opaque 
orange solution, at which time AgBF4 (1.08 g, 5.55 mmol) was added, a precipitate 
immediately formed and the mixture was allowed to stir for an additional 30 min at 25 
°C, during this time the reaction mixture changed from an orange to a yellow color.  The 
reaction mixture was then diluted with CH2Cl2 (200 mL) and poured directly into a 
saturated aq. NaCl solution (200 mL) and stirred overnight.  The organic layer was 
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separated, dried over MgSO4, filtered through celite and the solvent removed under 
reduced pressure giving a crude yellow oil which was further purified by flash column 
chromatography (silica gel, eluant: CH2Cl2) to flush out all non-palladated organics and 
then a 99:1 CH2Cl2:MeOH eluant mixture to flush out the final product as a yellow 
foamy solid (1.07 g, 98%), this could be crystallized from CHCl3 forming large yellow 
crystals for X-ray structural analysis.  1H NMR (300 MHz,d6-DMSO) δ: 7.77-7.86 (m, 
4H, Ar H), 7.40-7.49 (m, 6H, Ar H), 6.65 (s, 2H, Ar H), 4.73 (bs, 4H, Ar-CH2-S), 3.65 (s, 
3H, CH3-O); 13C NMR (75 MHz, CDCl3) δ: 157.3, 151.4, 150.0, 132.3, 131.3, 129.6, 
129.5, 108.2, 55.2, 51.6;  MS (ESI+) 457.0; HRMS (ESI+) calcd for C21H19OPdS2: 
457.9869, found: 457.9984 [the chlorine atom was labile under these ionization 
conditions].  Elemental analysis: calcd for C21H19ClOPdS2: C, 51.12; H, 3.88; S, 13.00; 




Compound 5 (0.30 g, 0.6 mmol) was dissolved in CH2Cl2:CH3CN 1:1 (20 mL) at 25 
°C and AgBF4 (0.13 g, 0.7 mmol) was added in one portion, a precipitate immediately 
formed and the yellow mixture was allowed to stir for 3 h, it was then filtered through 
celite, and the solvent removed under reduced pressure and dried in vacou at 40 °C to 
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give a yellow oily solid (0.34 g, 95%).  1H NMR (300 MHz, d6-DMSO) δ: 7.81-7.90 (m, 
4H, Ar H), 7.47-7.55 (m, 6H, Ar H), 6.66 (s, 2H, Ar H), 4.74 (bs, 4H, Ar-CH2-S), 3.66 (s, 
3H, CH3-O), 2.06 (s, 3H, CH3-CN); 13C NMR (75 MHz, d6-DMSO) δ: 157.2, 151.1, 
131.4, 131.1, 130.4, 130.1, 126.1, 118.1, 109.0, 55.0, 48.2, 1.2;  MS ( FAB+) m/z 
(relative intensity) 457.0 (100), 498.0 (5) CH3CN coordinated; HRMS (FAB+) calcd for 
C21H19OPdS2: 457.9869, found: 457.9985 [CH3CN was labile under these ionization 
conditions]. 
 
Methyl 2-(2-(tert-butoxycarbonylamino)-3-(pyridin-4-yl)propanamido) (7): 
 
Et3N (1.9 mL, 13.6 mmol) was added to a suspension of glycine methyl ester.HCl 
(1.71 g, 13.6 mmol) in THF (75 mL) and allowed to stir for 15 min.  Boc-4-pyridyl 
alanine (1.80 g, 6.8 mmol) and HOBt (0.91 g, 6.8 mmol) were added to the THF mixture 
and it was cooled to 0 °C and a solution of DCC (1.40 g, 6.8 mmol) in THF (10 mL) was 
added in one portion, after 5 min the reaction mixture was allowed to warm up to 25 °C 
and stirred overnight.  The dicyclohexyl urea (DCU) precipitate was filtered off, and the 
THF removed under reduced pressure.  The crude oil was redissolved in EtOAc and 
cooled in a freezer to precipitate out unreacted DCC, which was filtered off.  The EtOAc 
solution was then wash with a saturated aqueous NaHCO3 solution to remove HOBt, and 
the basic aqueous layer was back extracted with CH2Cl2, the organic layers were 
combined and the solvent removed under reduced pressure.  This crude oil was further 
purified by flash column chromatography (silica gel, eluant: 95:5 EtOAc:MeOH) and the 
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product dried in vacuo to give a white foam (2.00 g, 88%).  1H NMR (300 MHz, CDCl3) 
δ: 8.42 (dd, J = 5.8, 2H, α-pyr H), 7.11 (d, J = 5.8, 2H, β-pyr H), 7.11 (d, J = 3.2, 1H, 
CH2-NH-CO), 5.45 (d, J = 8.2, 1H, C-NH-CO-tBu), 4.49 (q, J = 6.8, 1H, C-CH-N), 3.96 
(t, J = 4.0, 2H, C-CH2-N), 3.68 (s, 3H, CH3-O), 3.14 (dd, J = 6.0, 13.9, 1H, Ar-CH(H)-
C), 2.93 (dd, J = 7.7, 13.9, 1H, Ar-CH(H)-C), 1.32 (s, 9H, t-Bu); 13C NMR (75 MHz, 
CDCl3) δ: 171.1, 169.8, 155.3, 149.5, 145.9, 124.6, 80.4, 54.5, 52.4, 41.1, 37.6, 28.2;  MS 
(ESI+) [M + H+] 338.2; HRMS (ESI+) [M + H+] calcd for C16H24N3O5: 338.1736, found: 
338.1710. 
  
Methyl 2-(2-(tert-butoxycarbonylamino)-3-(pyridin-3-yl)propanamido) (8): 
 
Et3N (1.9 mL, 13.6 mmol) was added to a suspension of glycine methyl ester.HCl 
(1.71 g, 13.6 mmol) in THF (75 mL) and allowed to stir for 15 min.  Boc-3-pyridyl 
alanine (1.80 g, 6.8 mmol) and HOBt (0.91 g, 6.8 mmol) were added to the THF and it 
was cooled to 0 °C and a solution of DCC (1.40 g, 6.8 mmol) in THF (10 mL) was added 
in one portion, after 5 min the reaction mixture was allowed to warm up to 25 °C and 
stirred overnight. The DCU precipitate was filtered off, and the THF removed under 
reduced pressure.  The crude oil was redissolved in EtOAc and cooled in a freezer to 
precipitate out unreacted DCC, which was filtered off.  The EtOAc solution was then 
wash with a saturated aqueous NaHCO3 solution to remove HOBt, and the basic aqueous 
layer was back extracted with CH2Cl2, the organic layers were combined and the solvent 
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removed under reduced pressure.  This crude oil was further purified by flash column 
chromatography (silica gel, eluant: 95:5 EtOAc:MeOH) and the product dried in vacuo to 
give a white foam (2.10 g, 95%).  1H NMR (300 MHz, CDCl3) δ: 8.44 (dd, J = 1.7, 4.7, 
1H, pyr H), 8.40 (d, J = 1.7, 1H, pyr H), 7.54 (dt, J = 1.9, 7.7, 1H, pyr H), 7.19 (dd, J = 
4.9, 7.1, 1H, pyr H), 6.85 (t, J = 5.2, 1H, CH2-NH-CO), 5.23 (d, J = 8.8, 1H, C-NH-CO-
tBu), 4.44 (q, J = 6.6, 1H, C-CH-N), 3.98 (dd, J = 3.9, 5.5, 2H, C-CH2-N), 3.71 (s, 3H, 
CH3-O), 3.15 (dd, J = 6.0, 14.3, 1H, Ar-CH(H)-C), 2.97 (dd, J = 7.1, 14.3, 1H, Ar-
CH(H)-C), 1.35 (s, 9H, t-Bu); 13C NMR (75 MHz, CDCl3) δ: 171.7, 170.3, 155.7, 150.4, 
147.9, 137.7, 133.0, 123.8, 80.4, 55.2, 52.5, 41.3, 35.9, 28.4; MS (ESI+) [M + H+] 338.2; 
HRMS (ESI+) [M + H+] calcd for C16H24N3O5: 338.1726, found: 338.1705. 
 
Methyl 2-(2-(tert-butoxycarbonylamino)-3-phenylpropanamido)acetate (9): 
 
Et3N (1.1 mL, 7.6 mmol) was added to a suspension of glycine methyl ester.HCl ( 
0.95 g, 7.6 mmol) in THF (75 mL) and allowed to stir for 15 min.  Phenylalanine (1.00 g, 
3.8 mmol) and HOBt (0.51 g, 3.8 mmol) were added to the THF and it was cooled to 0 
°C and a solution of DCC (0.78 g, 3.8 mmol) in THF (10 mL) was added in one portion, 
after 5 min the reaction mixture was allowed to warm up to 25 °C and stirred overnight. 
The dicyclohexyl urea (DCU) precipitate was filtered off, and the THF under reduced 
pressure.  The crude oil was redissolved in EtOAc and cooled in a freezer to precipitate 
out unreacted DCC, which was filtered off.  The EtOAc solution was then wash with a 
saturated aqueous NaHCO3 solution to remove HOBt, and the basic aqueous layer was 
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back extracted with CH2Cl2, the organic layers were combined and the solvent removed 
under reduced pressure giving a white solid (1.15 g, 90%).  1H NMR (300 MHz, CDCl3) 
δ: 7.18-7.35 (m, 5H, ArH), 6.38 (m, 1H, CH2-NH-CO), 4.96 (d, m, 1H, C-NH-CO-tBu), 
4.40 (q, J = 7.0, 1H, C-CH-N), 4.01 (m, 2H, C-CH2-N), 3.73 (s, 3H, CH3-O), 3.11 (m, 
2H, Ar-CH2-C), 1.40 (s, 9H, t-Bu); 13C NMR (75 MHz, CDCl3) δ:171.7, 170.4, 155.7, 
136.9, 129.2, 128.4, 126.7, 80.3, 55.4, 52.1, 41.0, 38.3, 28.1; MS (FAB+) [M + H+] 337.1; 
HRMS (FAB+) [M + H+] calcd for C17H25N2O5: 337.17577, found: 337.17627. 
 
4-(1-ammonio-2-(2-methoxy-2-oxoethylamino)-2-oxoethyl)pyridinium chloride (10): 
 
ZnCl2 in Et2O (11.7 mL, 11.7 mmol) was added to a 0 °C solution of 2,3,4,6-tetra-O-
pivaloyl-β-D-galactopyranosylamine (3.00 g, 5.8 mmol), 4-pyridinecarboxaldehyde (0.56 
mL, 5.8 mmol), formic acid (0.24 mL, 6.4 mmol), and methyl isocyanoacetate (0.56 mL, 
6.1 mmol) in anhydrous THF (25 mL), after 30 min the reaction mixture was allowed to 
warm up to 25 °C and monitored by TLC which showed complete consumption of the 
aldehyde after 12 h.  The solvent was removed under reduced pressure and the crude 
mixture redissolved in EtOAc forming an orange solution, which was washed with a 1N 
aqueous KHSO4 solution (2 x) removing the orange color, leaving a pale yellow solution.  
The organic layer was then washed (3 x) with a saturated aqueous NaHCO3 solution 
precipitating out a white solid (presumably a Zn salt).  Residual precipitate was filtered 
from the organic layer and the solvent was removed under reduced pressure giving a 
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yellow solid which was further purified by flash column chromatography (silica gel, 
eluant: EtOAc) and the product dried in vacuo to give a yellow foam (4 g, 92%).  This 
sugar-formyl protected dipeptide intermediate was dissolved in MeOH (20 mL) cooled to 
0 °C and saturated with dry HCl gas for 15 min and stirred at 0 °C for 1 h, the reaction 
mixture was allowed to warm up to 25 °C and stirred for an additional 4 h to remove the 
formyl group.  Water (20 mL) was then added to the methanolic reaction mixture and 
stirred for an additional 10 h to remove the the sugar.  The MeOH was then removed 
under reduced pressure and the aqueous reaction mixture was washed with CH2Cl2 until 
the organic washes were colorless. The water was then removed under reduced pressure 
to give the hydrolyzed dipeptide which was redissolved in MeOH (30 mL) and saturated 
with dry HCl gas for 15 min and allowed to stir for 3 h to reesterified the carboxylate 
terminus.  Et2O was added to the methanolic solution to precipate out the crude 
dipeptide.HCl salt which was further purified by repeated triturations from a boiling 
Et2O:MeOH solution and isolated as an off-white solid ( 1.46 g, 85%).  1H NMR (300 
MHz, d6-DMSO) δ: 9.62 (t, 1H,C-NH-CO), 9.35 (bs, 3H, NH3+), 8.98 (m, 2H, α-pyr H) 
8.15 (d, 2H, J = 6.7, β-pyr H), 5.51 (bs, 1H, C-CH-N), 3.91 (t, 2H, J = 6.7, C-CH2-N), 
3.55 (s, 3H, CH3-O); 13C NMR (75 MHz, d6-DMSO) δ: 169.2, 165.7, 150.8, 143.4, 125.6, 
54.2, 51.9, 40.9; MS (FAB+) [M + H+] 224.1; HRMS (FAB+) [M + H+] calcd for 
C10H14N3O3: 224.10183, found: 224.10352. 
 
3-(1-ammonio-2-(2-methoxy-2-oxoethylamino)-2-oxoethyl)pyridinium chloride (11): 
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ZnCl2 in Et2O (28.1 mL, 28.1 mmol) was added to a 0 °C solution of 2,3,4,6-tetra-O-
pivaloyl-β-D-galactopyranosylamine (7.24 g, 14.1 mmol), 3-pyridinecarboxaldehyde (1.3 
mL, 14.1 mmol), formic acid (0.58 mL, 15.5 mmol), and methyl isocyanoacetate (1.4 
mL, 14.8 mmol) in anhydrous THF (50 mL), after 30 min the reaction mixture was 
allowed to warm up to 25 °C and monitored by TLC which showed complete 
consumption of the aldehyde after 12 h.  The solvent was removed under reduced 
pressure and the crude mixture redissolved in EtOAc forming an orange solution, which 
was washed with a 1N aqueous KHSO4 solution (2 x) removing the orange color, leaving 
a yellow solution.  The solvent was removed under reduced pressure giving a light brown 
solid which was further purified by flash column chromatography (silica gel, eluant: 
EtOAc) and the product dried in vacuo to give an orange foam (9.3 g, 88%).  This sugar-
formyl protected dipeptide intermediate was dissolved in MeOH (50 mL) cooled to 0 °C 
and saturated with dry HCl gas for 15 min and stirred at 0 °C for 1 h, the reaction mixture 
was allowed to warm up to 25 °C and stirred for an additional 4 h to remove the formyl 
group.  Water (40 mL) was then added to the methanolic reaction mixture and stirred for 
an additional 10 h to remove the the sugar.  The MeOH was then removed under reduced 
pressure and the aqueous reaction mixture was washed with CH2Cl2 until the organic 
washes were colorless. The water was then removed under reduced pressure to give the 
hydrolyzed dipeptide which was redissolved in MeOH (30 mL) and saturated with dry 
HCl gas for 15 min and allowed to stir for 3 h to reesterified the carboxylate terminus.  
Et2O was added to the methanolic solution to precipate out the crude dipeptide.HCl salt 
which was further purified by repeated triturations from a boiling Et2O:MeOH solution 
and isolated as a light brown solid (3.58 g, 86 %).  1H NMR (300 MHz, d6-DMSO) δ: 
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9.62 (t, 1H,C-NH-CO), 9.35 (bs, 3H, NH3+), 8.98 (m, 2H, α-pyr H) 8.15 (d, 2H, J = 6.7, 
β-pyr H), 5.51 (bs, 1H, C-CH-N), 3.91 (t, 2H, J = 6.7, C-CH2-N), 3.55 (s, 3H, CH3-O); 
13C NMR (75 MHz, d6-DMSO) δ:; MS (FAB+) [M + H+] 224.1; HRMS (FAB+) [M + H+] 





Boc protected dipeptide 6 (2.10 g, 6.2 mmol) was dissolved in MeOH (50 mL) and 
saturated with HCl gas for 15 min with agitation while keeping the temperature constant 
at 25 °C, after HCl addition the reaction was stirred for an additional 30 min, the solvent 
was then removed under reduced pressure and dried in vacuo (complete deprotection was 
confirmed by 1H NMR of a small aliquot).  The HCl salt of deprotected dipeptide 6 was 
dissolved in a solution of DIEA (2.0 mL, 12.3 mmol) in anhydrous DMF (20 mL), and 
the mixture incubated for 10 min.   In a separate flask a solution of PyBOP (3.85 g, 7.4 
mmol), phthaloyl glycine (1.51 g, 7.4 mmol), HOAt (1.01 g, 7.4 mmol),  and DIEA (3.7 
mL, 22.2 mmol) in anhydrous DMF (10 mL) was allowed to incubate for 5 min and then 
added in one portion to the deprotected dipeptide 6 solution.  The reaction became a red 
color after 30 min and a precipitate formed after one h, stirring was continued for 12 h, 
the DMF was removed under reduced pressure and the mixture taken up in CH2Cl2, the 
insoluble material was filtered off and washed with CH2Cl2 and dried to give a white 
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powder which was further purified by RP-HPLC (water:CH3CN gradient; C18 column) 
giving a white solid (2.30 g, 89 %), which could be crystallized from a 95:5 
CH3CN:water mixture as thin white needles for X-ray structural analysis.  1H NMR (300 
MHz, d6-DMSO) δ: 8.60-8.69 (m, 1H, CH2-NH-CO), 8.60-8.69 (m, 1H, CH-NH-CO), 
8.49 (d, J = 5.2, 2H, α-pyr H), 7.83-7.92 (m, 4H, Ar H), 7.3 (d, J = 5.3, 2H, β-pyr H), 
4.58-4.68 (m, 1H, C-CH-N), 4.17 (dd, J = 10, 16.8, 2H, pyr-CH2-C), 3.88 (dd, J = 2.2, 
3.5, 2H, N-CH2-CO-N), 3.63 (s, 3H, CH3-O), 3.06 (dd, J = 4.7, 13.8, 2H, N-CH(H)-CO-
O), 2.81 (dd, J = 9.6, 13.8, 2H, N-CH(H)-CO-O); 13C NMR (75 MHz, d6-DMSO) δ: 
170.8, 170.1, 167.4, 166.0, 148.5, 147.8, 134.6, 131.6, 125.2, 123.2, 52.7, 51.8, 40.6. 
39.9, 37.1; MS (ESI+) [M + H+] 425.1473; HRMS (ESI+) [M + H+] calcd for C21H21N4O6: 
425.1472, found: 425.1456; Elemental analysis: calcd for C21H20N4O6: C, 59.43; H, 4.75; 
N, 13.20; O, 22.62. found: C, 59.27; H, 4.71; N, 13.21; O, 22.81; The onset of 





Boc protected dipeptide 7 (2.02 g, 6.0 mmol) was dissolved in MeOH (50 mL) and 
saturated with HCl gas for 15 min with agitation while keeping the temperature constant 
at 25 °C, after HCl addition the reaction was stirred for an additional 30 min, the solvent 
was then removed under reduced pressure and dried in vacuo (complete deprotection was 
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confirmed by 1H NMR of a small aliquot).  The HCl salt of deprotected dipeptide 7 was 
dissolved in a solution of DIEA (2.0 mL, 12.3 mmol) in anhydrous DMF (20 mL), and 
the mixture incubated for 10 min.   In a separate flask a solution of PyBOP (3.76 g, 7.2 
mmol), phthaloyl glycine (1.48 g, 7.2 mmol), HOAt (0.98 g, 7.2 mmol),  and DIEA (3.6 
mL, 21.7 mmol) in anhydrous DMF (10 mL) was allowed to incubate for 5 min and then 
added in one portion to the deprotected dipeptide 7 solution.  The reaction became a red 
color after 30 min and a precipitate formed after one h, stirring was continued for 12 h, at 
which time the DMF was removed under reduced pressure, yielding a crude brown 
viscous oil.  The oil was dissolved in a minimum amount of CH2Cl2 with a few drops of 
TFA and semi-purified by flash column chromatography (silica gel, eluant; 94:5:1 
EtOAc:MeOH:Et3N) and the product dried in vacuo to give a yellow powder, which was 
further purified by RP-HPLC (water:CH3CN gradient; C18 column) giving a white solid 
(1.65 g, 65%), which could be crystallized from a 95:5 CH3CN:water mixture as thin 
white needles for X-ray structural analysis.  1H NMR (300 MHz, d6-DMSO) δ: 8.58-8.65 
(m, 1H, CH2-NH-CO), 8.58-8.65 (m, 1H, CH-NH-CO), 8.41-8.43 (m, 2H, pyr H), 7.83-
7.91 (m, 4H, Ar H), 7.61-7.66 (m, 1H, pyr H), 7.25-7.33 (m, 1H, pyr H), 4.53-4.63 (m, 
1H, C-CH-N), 4.18 (dd, J = 10.8, 16.8, 2H, pyr-CH2-C), 3.9 (dd, J = 2.2, 3.5, 2H, N-CH2-
CO-N), 3.61 (s, 3H, CH3-O), 2.91 (dd, J = 4.7, 13.9, 1H, N-CH(H)-CO-O), 2.79 (dd, J = 
9.2, 13.9, 1H, N-CH(H)-CO-O); 13C NMR (75 MHz, d6-DMSO) δ: 171.0, 170.1, 167.4, 
165.9, 149.9, 147.4, 137.0, 131.7, 131.6, 123.4, 123.2, 53.3, 51.8, 40.6. 39.8, 34.9; MS 
(ESI+) [M + H+] 425.1469; HRMS (ESI+) [M + H+] calcd for C21H21N4O6: 425.1459, 
found: 425.1456; Elemental analysis: calcd for C21H20N4O6: C, 59.43; H, 4.75; N, 13.20; 
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O, 22.62. found: C, 59.02; H, 4.83; N, 13.25; O, 22.90; The onset of decomposition 





Boc protected dipeptide 9 (0.47 g, 1.4 mmol) was dissolved in a 1:1 CH2Cl2:TFA 
solution (10 mL) at 25 °C and allowed to react for 1.5 h, the solvent was then removed 
under reduced pressure and dried in vacuo.  The TFA salt of deprotected dipeptide 9 was 
dissolved in a solution of DIEA (0.2 mL, 1.4 mmol) in anhydrous DMF (12 mL), and the 
mixture incubated for 10 min.   In a separate flask a solution of PyBOP (0.88 g, 1.7 
mmol), phthaloyl glycine (0.35 g, 1.7 mmol), HOAt (0.23 g, 1.7 mmol),  and DIEA (0.8 
mL, 5.1 mmol) in anhydrous DMF (8 mL) was allowed to incubate for 5 min and then 
added in one portion to the deprotected dipeptide 9 solution.  The reaction became a red 
color after 30 min, stirring was continued for 12 h, at which time the DMF was removed 
under reduced pressure, yielding a brown viscous oil.  The oil was partially dissolved in 
EtOAc and washed with a saturated aqueous NaHCO3 solution, Et2O was then added to 
the organic layer precipitating out the semi-pure tripeptide which was collected by 
filtration and further purified by RP-HPLC (water:CH3CN gradient; C18 column) giving 
a white solid (0.59 g, 96%).  1H NMR (300 MHz, d6-DMSO) δ: 8.53-8.62 (m, 1H, CH2-
NH-CO), 8.53-8.62 (m, 1H, CH-NH-CO), 7.79-7.95 (m, 4H, Ar), 7.13-7.33 (m, 5H, Ar 
H), 4.54 (sextet, 1H, C-CH-N), 4.18 (dd, J = 17.0, 28.6, 2H, Ar-CH2-C), 3.86 (dd, J = 
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2.0, 5.8, 2H, N-CH2-CO-N), 3.63 (s, 3H, CH3-O), 3.01 (dd, J = 4.6, 14.0, 1H, N-CH(H)-
CO-O), 2.76 (dd, J = 9.8, 14.0, 1H, N-CH(H)-CO-O); 13C NMR (75 MHz, d6-DMSO) δ: 
171.5, 170.2, 167.4, 165.9, 137.6, 134.5, 131.6, 129.2, 128.0, 123.1, 53.7, 51. 6, 40.6; MS 
(ESI+) [M + H+] 424.2; HRMS (ESI+) [M + H+] calcd for C22H22N3O6: 424.1512, found: 
424.1503; Elemental analysis: calcd for C22H21N3O6: C,62.41; H, 5.00; N, 9.92; O, 22.67. 





The HCl salt of deprotected dipeptide 10 (1.50g, 5.10 mmol) was dissolved in a 
solution of DIEA (1.7 mL, 10.2 mmol) in anhydrous DMF (20 mL), the reaction mixture 
instantly became a yellow color, and the mixture incubated for 10 min.   In a separate 
flask a solution of PyBOP (3.18 g, 6.1 mmol), phthaloyl glycine (1.26 g, 6.1 mmol), 
HOAt (0.83 g, 6..1 mmol),  and DIEA (3.0 mL, 18.4 mmol) in anhydrous DMF (10 mL) 
was allowed to incubate for 5 min and then added in one portion to the deprotected 
dipeptide 10 solution.  The reaction became a red color after 30 min and a precipitate 
formed after one h, stirring was continued for 12 h, the DMF was removed under reduced 
pressure and the mixture taken up in CH2Cl2, the insoluble material was filtered off and 
washed with CH2Cl2 and dried to give a white powder which was further purified by RP-
HPLC (water:CH3CN gradient; C18 column) giving a white solid (1.93 g, 93 %).  1H 
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NMR (300 MHz, d6-DMSO) δ: 9.62 (d, J = 8.2, 1H, CH-NH-CO), 9.35 (t, J = 5.9, 1H, 
CH2-NH-CO), 8.98 (d, J = 5.4, 2H, α-pyr H), 7.82-7.93 (m, 4H, Ar H), 7.41 (d, J = 6.0, 
2H, β-pyr H), 5.51 (d, J = 8.2, 1H, C-CH-N), 4.38 (s, 2H, N-CH2-CO-N), 3.91 (dd, J = 
3.0, 5.7, 2H, N-CH2-CO-O), 3.55 (s, 3H, CH3-O); 13C NMR (75 MHz, d6-DMSO) δ: 
169.9, 168.9, 167.5, 166.1, 149.7, 147.0, 134.7, 131.6, 123.3, 122.0, 55.1, 51.8, 40.7, 
39.9; MS (ESI+) [M + H+] 411.1311; HRMS (ESI+) [M + H+] calcd for C20H19N4O6: 
411.1307, found: 411.1299; Elemental analysis: calcd for C20H18N4O6: C, 58.53; H, 4.42; 
N, 13.65; O, 23.39. found: C, 58.49; H, 4.58; N, 13.59; O, 23.34; The onset of 





The HCl salt of deprotected dipeptide 11 (1.50 g, 5.1 mmol) was dissolved in a 
solution of DIEA (1.7 mL, 10.2 mmol) in anhydrous DMF (20 mL), the reaction mixture 
instantly became a yellow color, and the mixture incubated for 10 min.   In a separate 
flask a solution of PyBOP (3.18 g, 6.1 mmol), phthaloyl glycine (1.26 g, 6.1 mmol), 
HOAt (0.83 g, 6..1 mmol),  and DIEA (3.0 mL, 18.4 mmol) in anhydrous DMF (10 mL) 
was allowed to incubate for 5 min and then added in one portion to the deprotected 
dipeptide 11 solution.  The reaction became a red color after 30 min and a precipitate 
formed after one h, stirring was continued for 12 h, at which time the DMF was removed 
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under reduced pressure, yielding a crude brown viscous oil.  The oil was dissolved in a 
minimum amount of MeOH:H2O:TFA and semi-purified by flash column 
chromatography (silica gel, eluant; 94:5:1 EtOAc:MeOH:Et3N) and the product dried in 
vacuo to give a yellow powder, which was further purified by RP-HPLC (water:CH3CN 
gradient; C18 column) giving a white solid (1.67 g, 80%), which could be crystallized 
from a 95:5 CH3CN:water mixture as thin white needles for X-ray structural analysis.  1H 
NMR (300 MHz, d6-DMSO) δ: 9.16 (d, J = 7.9, 1H, CH-NH-CO), 8.93 (t, J = 5.6, 1H, 
CH2-NH-CO), 8.63 (s, 1H, pyr H), 8.51 (d, J = 4.5, 2H, pyr H), 7.82-7.92 (m, 4H, Ar H), 
7.79 (dt, J = 1.7, 7.7, 1H, pyr H), 7.40 (dd, J = 4.7, 7.9, 1H, pyr H), 5.61 (d, J = 8.0, 1H, 
C-CH-N), 4.34 (dd, J = 3.4, 20.5, 2H, N-CH2-CO-N), 3.90 (dd, J = 1.3, 6.0, 2H, N-CH2-
CO-O), 3.61 (s, 3H, CH3-O); 13C NMR (75 MHz, d6-DMSO) δ: 169.9, 169.4, 167.5, 
165.9, 148.9, 148.6, 134.7, 134.6, 131.6, 123.6, 123.5, 123.2, 54.0, 51.8, 40.7, 39.9; MS 
(ESI+) [M + H+] 411.13; HRMS (ESI+) [M + H+] calcd for C20H19N4O6: 411.1302, found: 
411.1299; Elemental analysis: calcd for C20H18N4O6: C, 58.53; H, 4.42; N, 13.65; O, 
23.39. found: C, 58.22; H, 4.59; N, 13.64; O, 23.55; The onset of decomposition between 







General procedure for the coordination of tripeptides 1-4 with pincer complex 5: 
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Each tripeptide (5.0 or 5.2 mg, 0.012 mmol) was dissolved in d6-DMSO (1 mL) in an 
NMR tube and one equivalent of pincer complex 5 (6.0 mg, 0.012 mmol) was titrated in 
from a 0.6 M d6-DMSO stock solution (1:1 molar ratio based on 1H NMR integration of 
an aromatic signal from each molecule), AgBF4 was then added to the solution in one 
portion and a precipitate instantly crashed out.  The NMR tube mixture was oscillated for 
2 h and then filtered through celite and a 0.2 μm PTFE syringe filter and the clear yellow 
solution was reanalyzed. 
 
General procedure for the ITC measurements of the coordination of tripeptides 1-4 
with pincer complex 14: 
The ITC syringe was filled with a degassed DMSO tripeptide solution (50 mM) and 
titrated into the sample cell, which was filled with a degassed DMSO solution of pincer 
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4.1   Abstract 
This chapter introduces D,L cyclic peptides.  They are supramolecular synthons, 
which readily self-assemble into well-defined organic nanotubes.  By incorporating a 
pyridyl functionality into one of the side-chains, the cyclic peptide was converted into a 
multifunctional supramolecular synthon, becoming a ligand for a metallated pincer 
complex.  The synthesis of this new pyridyl side-chain functionalized cyclic octapeptide 
has been described, multiple solid-phase strategies were initially attempted following 
similar literature protocols.  However, this route was abandoned for a solution-phase 
approach.  Several different solution-phase routes starting from different points in the 
cycle were attempted until the intricacies of the synthesis were determined and the most 
efficient route was chosen.  Purification was an additional hurdle; the final product could 
not be purified using RP-HPLC, the literature protocol for cyclic peptides.  Therefore, 
preparatory TLC was used to purify the cyclic peptide > 90%.  The final product was 
characterized by 1-D and 2-D NMR and ES-MS.  The next phase for this research is to 
carry out self-assembly studies and fully characterize the coordination complex formed 
from these new supramolecular synthons. 
 
4.2   Introduction 
Bases on a theoretical analysis in 1974 on the β-sheet conformations of alternating 
D,L, linear peptides, the possibility that their cyclic peptide analogs could self-assemble 
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into ring-stacked structures was put forth.1  Inspired by this study, Ghadiri, in 1993, 
synthesized a cyclic octapeptide with the residue sequence cyclo[(D-alanine-L-glutamic 
acid-D-alanine-L-glutamine)2].2  The near planar ring of the peptide had the backbone 
amide protons and carbonyl oxygens pointing both above and below the plane of the 
backbone, while the stereogenic arrangement of the side-chains placed them in the plane 
pointing out towards the periphery, as shown in Figure 4.1. 
 
 
Figure 4.1  Ghadiri’s first octa-cyclic peptide with D-alanine, L-glutamine and L-
glutamic acid acting as a self-assembling proton-trigger.2
 
Upon acidification of an alkaline solution of cyclic peptide 1 the repulsive ionic side-
chain interactions are nullified and attractive backbone H-bonding interactions lead to the 
self-assembly of infinite linear organic nanotubes through antiparallel β-sheet H-bonding, 
shown in Figure 4.2.2
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Figure 4.2  Self-assembly of D,L-cyclic octapeptide 1 into a well-defined organic 
nanotube. 
 
Since this time, many alterations to the cyclic structure have been made by a number 
of different researchers.2-27  The hydrophilicity of the exterior and interior can be 
modulated by the amino acids chosen.13, 22  The inner diameter can be tuned by altering 
the even number of residues in the cycle’s backbone.4  Overall, the organic framework in 
conjunction with the mild self-assembly protocol allows for direct modification of these 
systems using traditional synthetic protocols makes cyclic peptides as a class of 
molecules a good candidate for a variety of potential applications. 
 Of particular interest to this research and its ultimate goal, is the use of cyclic 
peptides for membrane engineering.  The first example ever of an artificial 
transmembrane channel was shown using side-chain modified α-cyclic peptide 2, shown 
in Figure 4.3.  The ten residue cycle had tryptophan and leucine modified exteriors (for 





Figure 4.3  Tryptophan decorated 2 inserts into a lipid bilayer membrane and efficiently 
transporting glucose.4
 
 By incorporating β- and γ-amino acids into the cyclic backbone, the functional range 
of these systems has also been expanded.22-24, 26  Unlike α-amino acid cycles, β-amino 
acid cycles self-assemble through a parallel β-sheet H-bonding motif, this unidirectional 
arrangement of polar moieties gives the tubular architectures a net dipole moment 
improving the conductance properties and ion selectivity.13  Hetero-nanotubes with 
tryptophan side-chain cycles ‘capped’ with hydrophilic side-chain cycles led to controlled 
rectifications and ion selectivity across lipid bilayer membranes.15  These capping cycles 
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were used again as pore adapters in conjuction with a transmembrane pore protein, 
altering the selectivity of the original protein.19  Recently, heterocyclic peptide structures 
made up of α,-amino acids/triazoles,11, 18  α-amino acids/benzoic acids25, 28  and  α/γ-
amino acids have provided new interior sites amenable to synthetic modifications,22-24, 26  
as shown in Figure 4.4. 
 
 
Figure 4.4  Recently synthesized cyclic peptides 3,11, 18  425, 28  and 522-24, 26  have internal 
positions available for synthetic modifications. 
 
 Despite these many uses of cyclic peptides as attractive and functional 
supramolecular synthons, there are still a variety of potential modifications that can be 
made to the exterior and interior expanding the repertoire of this interesting class of 
molecules.21, 27   By incorporating ligands into the side-chains, the cyclic peptide can be 
converted into a multifunctional supramolecular synthon with a unique 2-D self-assembly 
of orthogonal recognition units.  While this research was commencing, Ghadiri published 
a report of a heterocyclic peptide formed through a 1,3 dipolar cycloaddition to give 
heterocyclic triazole cyclic peptide 6 with pendant tpy units for metal-coordination, as 
shown in Figure 4.5.18  Ghadiri did not report on any metal-coordination studies with 6, 
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and the harsher conditions required for coordination may limit the self-assembling 
potential of these systems. 
 
 
Figure 4.5  Tpy pendant triazole cyclic peptide.18
 
 As an alternative to this system, we chose to incorporate a pyridyl unit into the side-
chain owing to its well-established and straightforward coordination to a variety of 
transition-metal complexes.29  The metallated pincer complex was chosen as the metal-
coordinating unit, owing to its fast and quantitative coordination in a variety of solvents 
to a select class of ligands.30  Investigational research into this new coordination between 
a ligand functionalized peptide and the metallated pincer complex was elaborated in 
Chapter 3.32  Several different pyridyl substitution and spatial separation patterns from a 
linear peptide backbone were investigated to determine their affect and the affect of 
backbone functionalities on the metal-ligand interaction. 
 These preliminary studies revealed that all the peptides were quantitatively 
coordinated to the metallated pincer complex by 1H NMR, but based on ITC experiments 
the 4-pyridyl systems were shown to be superior owing to their favorable steric and 
electronic effects versus their 3-pyridyl analogs.  Based on these results we anticipated 
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that a multitopic cyclic peptide such as 7, shown in Figure 4.6, could be used as a new 
supramolecular synthon for the generation of attractive biological architectures, such as 
that shown in Figure 4.7. 
 
 
Figure 4.6  Envisaged cyclic peptide supramolecular synthon. 
 
 
Figure 4.7  Proposed supramolecular architecture from cyclic peptide synthons and 





4.3   Cyclic Peptide Design and Synthesis 
 Our first cyclic peptide was purposely modeled after an early cycle from Ghadiri, 
cyclo[(D-alanine-L-phenylalanine)-4],8  with only one of the L-phenylalanines replaced 
with an L-pyridylalanine making monotopic cyclic peptide ligand 8, shown in Figure 4.8.  
In both of these cycles all of the alanyl amido nitrogens are N-methylated.  N-
methylation of every other residue eliminates H-bonding interactions from one face of the 
cycle leading to self-assembly of dimeric structures,17  as shown in Figure 4.8, instead of 
infinite tubular assemblies dramatically improving the solubility and simplifying the 
characterization of these systems.  Later on, preliminary coordination studies will also be 
simplified using these N-methylated cyclic peptides. 
 
 
Figure 4.8  Dimer formation due to amido N-methylation of one face of the cyclic 
peptide; 1st cyclic peptide target 8.17
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4.3.1 Resin Supported Solid-Phase Syntheses 
 Initially the Fmoc solid-phase synthetic strategy of Ghadiri was closely followed,21  
with several significant differences: 1) the substitution of one of the Fmoc-L-
phenylalanines for an Fmoc-L-pyridylalanine; 2) the Wang residue was loaded with an 
Fmoc-L-phenylalanine instead of an N-methylated D-alanine, which was not 
commercially available.  It is known that peptide cyclizations from a terminal N-
methylated residue attacking from a 2° nitrogen are sterically more difficult than a 1° 
amine.33  Coupling N-methylated amino acids to a resin also has diminished yields, 
which were hopefully minimized by repeating all coupling steps along the way.  
Following Ghadiri, the first solid-phase synthesis was carried out in DMF using 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) as the 
carboxylic acid activator with 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate (HATU) used during coupling of only the third residue to minimize 
diketopiperazine formation.21  After acidic cleavage and RP-HPLC purification the off-
white powder recovered was shown by ES-MS to be linear pyridyl octapeptide 9, with a 
35% yield, shown in Figure 4.9. 
 
 
Figure 4.9  First monopyridyl linear octapeptide form solid-phase synthetic strategy. 
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 After subsequent cyclization attempts using HATU activation along with HOAt as a 
nucleophilic additive in DMF, 8 was observed in the ES-MS of the crude sample, but 
multiple RP-HPLC attempts to isolate it were unsuccessful.  The same results were 
obtained using other common activators such as HBTU, and 7-benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyAOP).  Based on these results we 
initially suspected that cyclization yields were critically low due to the ineffective 
cyclization from the 2° amine terminus.  Additionally, the N-methylated residues were 
most likely limiting solid-phase yields of the linear peptide (overall linear yields were 
~30%).  Therefore, a new solid-phase route beginning from a Wang resin loaded with an 
Fmoc-D-alanine and ending with an unmethylated D-phenylalanine was carried out that 
would give cyclic peptide 10 shown in Figure 4.10.  The third D-alanyl residue, fifth 
overall residue, was also left unmethylated in attempts to improve the overall yield, based 
on Ghadiri’s report that N-methylation of only two of the four amido nitrogens on one 
face of the cycle was sufficient to suppress H-bonding and induce dimerization.8
 
 
Figure 4.10  Half methylated face of 2nd cyclic peptide target 10, expected to have a 
higher yielding solid-phase synthesis and cyclization. 
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 After repeated RP-HPLC runs this new solid-phase synthesis still had a low overall 
yield of 25-35%, using several different activators.  And cyclization attempts of the linear 
peptide also using a range of conditions showed the cyclic product by ES-MS, yet 
attempts to isolate the pure product by RP-HPLC were unsuccessful.   
 
4.3.2 Solution-Phase Syntheses 
 Based on the inability to isolate pure cyclic peptide via a solid-phase approach, and 
the successful syntheses of linear pyridyl peptides from Chapter 3, it was decided that a 
solution-phase approach would yield larger quantities of cyclic peptide to work with 
during optimization of the final cyclization step.  A solution-phase approach also permits 
characterization along the way, which may reveal a synthetically problematic point along 
the linear peptide synthesis that was surreptitiously handicapping the solid-phase yields. 
 Owing to the repetition of alternating units, the solution-phase approach was 
expedited by splitting each product and coupling at either end to incrementally double the 
linear peptide length.  This approach also gave us the freedom to easily choose, the N-
methylation pattern for the amino acids, and because the reaction were not done at an 
interface (like on a resin) the yields during the coupling of N-methylated amino acids 
were also improved.  It was decided at this time that dimerization of the final cyclic 
product would still make characterization of a self-assembled system difficult owing to 
the two pyridyl units expected from the dimeric assembly, which may or may not be in 
register with one another.  Based on Ghadiri’s report, N-methylation of the L-
phenylalanine residues led to complete suppression of all self-associations.8  Therefore, 
the first solution-phase synthesis, cyclic peptide 11, was designed with methyl groups at 
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Figure 4.11  3rd cyclic target 11, with 4-pyrAla and all three Phe’s amido nitrogens N-
methylated. 
 
 N-methylated derivatives of common amino acids are commercially available, but 
synthetic strategies were used to N-methylate L-pyridylalanine.  The most direct 
synthetic route appeared to be N-methylation of a dipeptide with the L-pyridyl alanine 
unit at the N-terminus.  The N-methylation protocol converts a terminal 1° amine into a 
methyl iminium ion and then formed an azanorbornene through a hetero Diels-Alder 
reaction, with the N-methylated product of the retro Diels-Alder captured by an ionic 




Scheme 4.1  Proposed synthesis of N-methylated pyridyltripeptide 14.  
 
 Following this N-methylation route the most efficient overall synthesis is shown in 
Scheme 4.2.  After coupling a D-alanine residue to 13, tripeptide 14 could be coupled to 
pentapeptide 19 to give the final linear octapeptide 20. 
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Scheme 4.2  Proposed synthesis of N-methylated pyridyl octapeptide 20. 
 
 The syntheses of 14 and 19 were simultaneously carried out, each presenting a major 
problem.  First, the retro Diels-Alder synthesis of 13 failed.  And the coupling yields for 
18 and 19, using conditions taken from a relevant procedure of N-methylated residues,35  
were significantly lower than anticipated (~20%) presumed to be due to the poor 
coupling of terminal N-methylated L-phenylalanines. 
 Based on these unsatisfactory results a new solution-phase synthetic route was 
devised, to the 4th cyclic peptide target, 28.  This new route makes the assumption that N-
methylating only half of the L-phenylalanies amido nitrogens will be sufficient to 
completely suppress self-association just as N-methylation of only half of the D-alanines 
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was sufficient to force dimerization.8  Also, by only using a half N-methylation approach, 
the difficult amidation of the N-methyl amine terminus could be carried out on the very 
first step using a large excess of activators and the readily available Boc-D-alanine to 
maximize yields.  After this step all subsequent amidations are with a 1° amino 
nucleophile, as shown in Scheme 4.3. 
 Each step along Scheme 4.3 was optimized for maximum yields.  Yields of 22 were 
maximized by carrying out the amidation with 2.5 equivalents of Boc-D-alanine to 
counteract the lower nucleophilicity of the hindered amine of N-methylated 21.  
Diketopiperazine formation was problematic during the amidations of deblocked 22 to 




Scheme 4.3  Final synthetic scheme for synthesis of cyclic peptide 28, the only N-methyl 





Scheme 4.4  Formation of diketopiperazine 29 during amidation of dipeptides to 
tripeptides. 
 
 Regardless of the activator used, formation of 29, the entropically and enthalpically 
favored 6-membered lactam, was the major product with almost quantitative yields.  This 
cyclization was completely suppressed by activating each carboxylic acid, Boc-L-
phenylalanine and Boc-L-4-pyralanine, with DCC in DMF, then displacing the reactive 
O-acyl urea intermediate with HOAt forming a stable but labile active ester species, 
which was slowly amidated by the drop by drop addition of deprotected dipeptide 22 via 
a syringe pump giving excellent yields of tripeptide 23 and 24.   
 After these couplings all additional amidations were formed in high yields using 
either phosphonium activators.  Linear octapeptide 27 was biterminally deprotected and 
cyclization using PyAOP activation in DMF afforded the highest yields, 55%.   
 After cyclization, purification of cyclic peptide 28 was the final challenge.  The same 
difficulties were experienced during RP-HPLC, a signal for 28 was observed on the 
chromatogram, but significant quantities of the product were inexplicably not recovered 
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from the eluent.  At this point purification was attempted with normal phase flash column 
chromatography, during method development on silica TLC plates it was noticed that 
exposure to UV light led to decomposition of the spotted product. 
 
 
Figure 4.12  2-D Silica TLC plate, EtOAC/MeOH 95:5 mobile phase, solid circles off of 
dashed diagonal are decomposition products, additional impurities have been omitted for 
clarity. 
 
Shown in Figure 4.12 is a diagram of the TLC retention of 28 on a 2-D TLC plate, 
the dashed circle to the far left was the Rf of 28 after the first run.  After the first run, the 
TLC plate was positioned under a UV light (λ max = 254 nm) for two minutes.  After this 
the plate was rotated 90° and developed again.  The two spots off the diagonal appear to 
be decomposition products, one having a visible yellow color.  While neither spot has 
been characterized, this decomposition may be complicating the RP-HPLC purification, 
which relies on a UV detector.  Despite these results, TLC seemed to separate 28 from its 
impurities.  Therefore, preparatory TLC was used to overcome the obstacles encountered 
with RP-HPLC purification, several iterative preparatory TLC developments were 
required to get cyclic peptide 28 to > 90% purity by 1H NMR. 
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4.4   Experimental 
Materials and Methods: 
Boc-L-4-pyralanine was purchased from Peptech Corp.  CH2Cl2 and THF were dried 
via passage through Cu2O and alumina columns.  N,N-Diisopropyl-ethyl amine (DIEA) 
was distilled from sodium/benzophenone keytl, and TFA was distilled from P2O5.  All 
glassware was flame dried or placed in an oven overnight at 130 °C.  Compounds were 
analyzed by use of UV light (254 nm), I2, or a 0.3% solution of ninhydrin in 3% AcOH/n-
butanol.  HPLC eluant was a mixture of H2O with an increasing gradient of CH3CN, on a 
C18 reverse phase column.  NMR spectra were recorded at 298 K (1H NMR: 300 MHz; 
13C NMR; 75 MHz).  Chemical shifts are reported in parts per million (ppm), using 
residual solvent as an internal standard.  Data reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m = 
multiplet, b = broad, p = pentet), coupling constants, integration, proton assignment. 
 
General solid-phase synthesis procedure: 
Fmoc-L-Phe or Fmoc-D-Ala loaded Wang resin was weighed out (0.72 mmol/g) into 
a sintered glass peptide synthesis vessel and allowed to swell in CH2Cl2 for 45 min and 
then in DMF for 10 min.  The resin was treated with piperidine/DMF (20%, 2x for 8 min) 
to remove the Fmoc group, and washed with DMF (3x).  A solution of the next residue, 
HBTU (1.01 g, 2.66 mmol), and diisopropylethylamine in DMF was allowed to prereact 
for 2 min and then added to the resin.  The resin suspension was agitated for 30 min, 
drained, and washed with DMF (3x).  During coupling of the third residue and all N-
methylated residues HATU (1.12 g, 2.95 mmol) was used as the activator.  All coupling 
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procedures were performed twice to ensure complete reaction.  This deprotection 
coupling cycle was repeated to provide the full-length peptide.  After the final coupling 
step, the resin was thoroughly washed (5x DMF, 3x CH2Cl2, 3x MeOH) and dried under 
high vacuum.  The peptide was cleaved from the resin by treatment with 
TFA/triisopropylsilane/water (95:2.5:2.5) for 3 h.  The cleavage mixture was collected by 
filtration and the resin was washed twice with TFA.  The filtrated were combined and 
concentrated under vacuum to afford an oily residue, which was further purified by RP-
HPLC (water 0.1% TFA:CH3CN gradient; C18 column).  Later attempts using 2-(6-
Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) 
as an activator gave similar results. 
 
Benzyl 2-(tert-butoxycarbonyl(methyl)amino)-3-phenylpropanoate (21): 
 
A solution of DCC (4.06 g, 19.7 mmol) in CH2Cl2 (15 mL) was slowly added to a 
solution of Boc-NMe-L-Phe (5.00 g, 17.9 mmol), benzyl alcohol (8 mL, 71.2 mmol), 
DMAP (1.09 g, 8.9 mmol) in CH2Cl2 (20 mL) at 0 °C and allowed to warm to 25 °C at 
which point a white precipitate formed.  The reaction mixture was stirred for 2 h, and 
then filtered through celite, then washed with a 10% citric acid solution, a saturated 
aqueous NaHCO3 solution, a saturated brine solution and dried over MgSO4.  The solvent 
was removed under reduced pressure and EtOAc was added to the crude mixture and it 
was cooled precipitating any unreacted DCC, this was again filtered through celite then 
the oil was placed in a Kugelrohr and distilled at 65 °C and 50 mmHg to remove excess 
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benzyl alcohol giving an off white solid [if necessary can be further purified via column 
chromatography (silica gel, eluant: 50:50 EtOAc:hexanes)] (6.5 g, 99%).  1H NMR (300 
MHz, CDCl3) δ: 7.42-7.11 (m, 10H, Ar H), 5.24-5.10 (m, 2H, ester benzylic H), 4.99-
4.90 (m, 0.5H, CO-CH(Phe)-NMe), 4.66-4.56 (m, 0.5H, CO-CH(Phe)-NMe), 3.38-3.25 (m, 
1H, Phe benzylic H), 3.09-2.97 (m, 1H, Phe benzylic H), 2.70 (d, J = 17.7, 3H, CH3-N), 
1.33 (d, J = 25.5, 9H, t-Bu); 13C NMR (75 MHz, CDCl3) δ: 171.0, 170.7, 155.9, 154.6, 
153.4, 138.2, 137.2, 135.5, 135.3, 128.8, 128.7, 128.4, 128.3, 128.2, 128.0, 127.9, 126.5, 





21 (5.90 g, 15.5 mmol) was dissolved in a 20% TFA/CH2Cl2 solution at 0 °C, 
allowed to warm to 25 °C and stirred for 3 h (complete deprotection confirmed by TLC).  
The solvent was removed under reduced pressure and the crude oil was recrystallized 
from a hexanes/CH2Cl2 solution filtered and dried giving white fluffy needles, which 
were dissolved in a solution of DIEA (2.6 mL, 15.5 mmol) in anhydrous DMF (35 mL) 
and allowed to stir at 25 °C for 15 min and then added in one portion to a premixed 
solution (prepared at 0 °C and allowed to incubate at 25 °C for 20 min) of Boc-D-Ala 
(6.10 g, 32.0 mmol), HOBt (4.30 g, 32 mmol) and DCC (6.60 g, 32 mmol) in anhydrous 
DMF (50 mL) and stirred at 45 °C for 12 h.  The solvent was removed under reduced 
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pressure.  EtOAc (50 mL) was added to the crude mixture, it was cooled and the DCU 
and unreacted DCC filtered off through celite, then a pipette of NH4OH in ethanol (3 mL) 
was added and the solution was stirred for 15 min forming another precipitate which was 
filtered off through celite.  The solution was then washed with water, a 10% citric acid 
solution, a saturated aqueous NaHCO3 solution, a saturated brine solution and dried over 
MgSO4. The crude solid was further purified by either column chromatography (silica 
gel, eluant: 25:75 EtOAc:hexanes) or recrystallized from Et2O/hexanes filtered and dried 
giving a white foamy solid (5.20 g, 77%).  1H NMR (300 MHz, CDCl3) δ: 7.30-7.18 (m, 
5H, Ar H), 7.18-7.12 (m, 2H, Ar H), 7.12-7.04 (m, 3H, Ar H), 5.41 (d, J= 8, 3H, C(Ala)-
NH-CO), 5.18-5.29 (m, 1H, CO-CH(Ala)-N), 5.07 (m, 2H, ester benzylic H), 4.43-4.34 
(m, 1H, CO-CH(Phe)-NMe), 3.38-3.28 (m, 1H, Phe benzylic H), 3.02-2.89 (m, 1H, Phe 
benzylic H), 2.70 (s, 3H, CH3-N), 1.33 (s, 9H, t-Bu), 1.09 (d, J= 6.8, 3H, CH3-C(Ala)); 13C 
NMR (75 MHz, CDCl3) δ: 173.3, 160.9, 154.7, 136.3, 135.2, 128.5, 128.3, 128.2, 128.1, 
127.9, 126.5, 79.0, 66.7, 58.3, 46.1, 34.4, 32.4, 28.1, 17.9;  MS (ESI+) [M + H+] 441.2; 












A solution of DCC (0.65 g, 3.2 mmol) in anhydrous THF (20 mL) was added in one 
portion to a solution of Boc-L-4-pyrAla (0.84 g, 3.2 mmol) and HOAt (0.89 g, 6.5 mmol) 
in anhydrous THF (30 mL) at 0 °C and the reaction was allowed to warm up to 25 °C.  
After 20 min DIEA (0.43 mL, 2.6 mmol) was added to the reaction mixture in one 
portion and then a deblocked solution of 22 (1.14 g, 2.6 mmol) (Deblocking procedure: 
22 was dissolved in a 20% TFA/CH2Cl2 solution at 0 °C, allowed to warm to 25 °C and 
stirred for 3 h (complete deprotection confirmed by TLC).  The solvent was removed 
under reduced pressure and the crude oil dried under high vac (>20 mmHg for 3 h) in 
anhydrous THF (20 mL) was added dropwise over 2 h via a syringe pump at 25 °C and 
stirred for 6 h (Note: This activation and addition order supresses diketopiperazine 
formation).  The solvent was removed under reduced pressure.  EtOAc (50 mL) was 
added to the crude mixture, it was cooled and the DCU and unreacted DCC filtered off 
through celite, then a pipette of NH4OH in ethanol (3 mL) was added and the solution 
was stirred for 15 min forming another precipitate which was filtered off through celite.  
The solution was then washed with water, a 10% citric acid solution, a saturated aqueous 
NaHCO3 solution, a saturated brine solution and dried over MgSO4. The crude solid was 
further purified by column chromatography (silica gel, eluant: EtOAc) giving a white 
foamy solid (1.37 g, 90%).  1H NMR (300 MHz, CDCl3) δ: 8.47 (d, 2H, J = 6.9, α-pyr H) 
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7.38-6.96 (m, 14H, Ar H), 7.2 (s, 1H, C(Ala)-NH-CO), 5.37 (dd, J = 4.4, 11.5, 1H, CO-
CH(Phe)-NMe), 5.16 (dd, 2H, J = 11.8, 17.5, ester benzylic H), 4.66 (p, J= 6.8, 1H, CO-
CH(Ala)-N), 4.50-4.36 (m, 1H, CO-CH(pyrAla)-N ), 4.16 (t, 1H, J= 4.0, C(pyrAla)-NH-CO), 
3.45-2.85 (m, 4H, (pyrAla)benzylic H; (NMe-Phe)benzylic H), 2.80 (s, 3H, CH3-N), 1.35 
(d, J = 13.3, 9H, t-Bu), 0.70 (d, J = 6.9, 3H, CH3-C(Ala)); 13C NMR (75 MHz, CDCl3) δ: 
172.9, 170.0, 169.5, 149.5, 136.2, 135.2, 129.8, 129.7, 128.6, 128.5, 128.4, 128.3, 124.7, 
77.4, 67.2, 45.4, 34.6, 32.9, 32.4, 28.1, 17.4;  MS (ESI+) [M + H+] 589.3; HRMS (ESI+) 





A solution of DCC (0.27 g, 1.3 mmol) in anhydrous THF (10 mL) was added in one 
portion to a solution of Boc-L-Phe (0.35 g, 1.3 mmol) and HOAt (0.30 g, 2.2 mmol) in 
anhydrous THF (50 mL) at 0 °C and the reaction was allowed to warm up to 25 °C.  
After 20 min DIEA (0.2 mL, 1.1 mmol) was added to the reaction mixture in one portion 
and then a deblocked solution of 22 (0.49 g, 1.1 mmol) [Deblocking procedure: 22 was 
dissolved in a 20% TFA/CH2Cl2 solution at 0 °C, allowed to warm to 25 °C and stirred 
for 3 h (complete deprotection confirmed by TLC).  The solvent was removed under 
reduced pressure and the crude oil dried under high vac (>20 mmHg for 3 h)] in 
anhydrous THF (10 mL) was added dropwise over 2 h via a syringe pump at 25 °C and 
stirred for 6 h (Note: This activation and addition order supresses diketopiperazine 
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formation).  The solvent was removed under reduced pressure.  EtOAc (50 mL) was 
added to the crude mixture, it was cooled and the DCU and unreacted DCC filtered off 
through celite, then a pipette of NH4OH in ethanol (3 mL) was added and the solution 
was stirred for 15 min forming another precipitate which was filtered off through celite.  
The solution was then washed with water, a 10% citric acid solution, a saturated aqueous 
NaHCO3 solution, a saturated brine solution and dried over MgSO4. The crude solid was 
further purified by column chromatography (silica gel, eluant: 50:50 EtOAc:hexanes) 
giving a white foamy solid (0.54 g, 84%).  1H NMR (300 MHz, CDCl3) δ: 7.42-7.14 (m, 
15H, Ar H), 6.65 (d, J = 6.9, 1H, CH(Ala)-NH-CO), 5.36 (dd, J = 6.6, 4.9, 1H, CO-
CH(Phe)-NMe), 5.21 (dd, 2H, J = 12.2, 39.1, ester benzylic H), 5.00-4.82 (m, 1H, CO-
CH(Ala)-N), 4.74-4.66 (m, 1H, CO-CH(Phe)-N), 4.44-4.33 (m, 1H, C(Phe)-NH-CO), 3.44 
(dd, 1H, J = 5.1, 14.8, Phe benzylic H), 3.11-3.05 (m, 1H, Phe benzylic H), 3.05-2.96 (m, 
2H, (NMe-Phe) benzylic H), 2.83 (s, 3H, CH3-N), 1.43 (d, J = 13.3, 9H, t-Bu), 0.72 (d, J = 
6.9, 3H, CH3-C(Ala)); 13C NMR (75 MHz, CDCl3) δ: 172.8, 170.3, 162.0, 136.6, 136.4, 
136.3, 129.4, 129.31, 129.29, 128.75, 128,71, 128.65, 128.60, 128.57, 128.50, 128.4, 
126.95, 126.90, 77.2, 67.2, 45.3, 34.7, 32.5, 28.3, 28.2, 17.7;  MS (ESI+) [M + H+] 588.3; 










Boc protected tripeptide 23 (0.75 g, 0.9 mmol) was dissolved in a 20% TFA/CH2Cl2 
solution at 0 °C, allowed to warm to 25 °C and stirred for 3 h (complete deprotection 
confirmed by TLC).  The solvent was removed under reduced pressure and dried in 
vacuo, the crude oil was dissolved in a solution of DIEA (0.3 mL, 1.8 mmol) in 
anhydrous DMF (8 mL), and the mixture incubated for 10 min.   In a separate flask a 
solution of PyBOP (1.4 g, 2.7 mmol), Boc-D-Ala (0.51 g, 2.7 mmol), HOAt (0.37 g, 2.7 
mmol),  and DIEA (1.3 mL, 8.1 mmol) in anhydrous DMF (50 mL) was allowed to 
incubate for 5 min and then added in one portion to the free based solution of deprotected 
dipeptide 23, which instantly became a yellow color.  After stirring for 3 h, the DMF was 
removed under reduced pressure and the mixture taken up in EtOAc (20 mL) and a 
pipette of NH4OH in ethanol (3 mL) was added and the solution was stirred for 15 min 
forming a white precipitate which was filtered off through celite.  The solution was then 
washed with water, a saturated aqueous NaHCO3 solution, a saturated brine solution and 
dried over MgSO4. The crude solid was further purified by column chromatography 
(silica gel, eluant: EtOAc) giving a white solid (0.46 g, 80%).  MS (ESI+) [M + H+] 







Boc protected tripeptide 24 (0.54 g, 0.92 mmol) was dissolved in a 20% TFA/CH2Cl2 
solution at 0 °C, allowed to warm to 25 °C and stirred for 3 h (complete deprotection 
confirmed by TLC).  The solvent was removed under reduced pressure and dried in 
vacuo, the crude oil was dissolved in a solution of DIEA (0.15 mL, 0.92 mmol) in 
anhydrous DMF (8 mL), and the mixture incubated for 10 min.   In a separate flask a 
solution of PyBOP (0.58 g, 1.1 mmol), Boc-D-Ala (0.21 g, 1.1 mmol), HOAt (0.15 g, 1.1 
mmol), and DIEA (0.55 mL, 3.3 mmol) in anhydrous DMF (50 mL) was allowed to 
incubate for 5 min and then added in one portion to the free based solution of deprotected 
dipeptide 24, which instantly became a yellow color.  After stirring for 3 h, the DMF was 
removed under reduced pressure and the mixture taken up in EtOAc (20 mL) and a 
pipette of NH4OH in ethanol (3 mL) was added and the solution was stirred for 15 min 
forming a white precipitate which was filtered off through celite.  The solution was then 
washed with water, a 10% citric acid solution, a saturated aqueous NaHCO3 solution, a 
saturated brine solution and dried over MgSO4. The crude solid was further purified by 
column chromatography (silica gel, eluant: 25:75 EtOAc:hexanes with an increasing 
EtOAc gradient) giving a white solid (0.47 g, 77%).  MS (ESI+) [M + H+] 659.3; HRMS 








Boc protected tripeptide 26 (0.43 g, 0.65 mmol) was dissolved in a 20% TFA/CH2Cl2 
solution at 0 °C, allowed to warm to 25 °C and stirred for 3 h (complete deprotection 
confirmed by TLC).  The solvent was removed under reduced pressure and dried in 
vacuo, the crude oil was added to a solution of PyAOP (0.46 g, 0.89 mmol), HOAt (0.12 
g, 0.89 mmol) and Benzyl ester deprotected 25 (0.48 g, 0.85 mmol) (Hydrogenolysis 
procedure: 25 (0.56 g, 0.85 mmol) was dissolved in ethanol (15 mL) in a pressure flask, a 
catalytic amount of Pd/C (10%) was added and the flask was secured in a Parr 
hydrogenation apparatus, pressurized with an atmosphere of H2 (50 PSI) and shaken.  
After 24 h, the solution was filtered through celite, the solvent was removed under 
reduced pressure and dried in vacuo giving a white solid.)  in anhydrous DMF (25 mL).  
DIEA (1.4 mL, 8.4 mmol) was added in one portion and the solution instantly became 
yellow.  After stirring for 3 h, the DMF was removed under reduced pressure and the 
mixture taken up in EtOAc (50 mL) and a pipette of NH4OH in ethanol (3 mL) was 
added and the solution was stirred for 15 min forming a white precipitate which was 
filtered off through celite (Note: linear octapeptide has limited solubility in EtOAc, hold 
on to all solvent layers and check for product by TLC, Rf = 0.4 on silica TLC with 97:3 
EtOAc/MeOH mobile phase).  The solution was then washed with water, a saturated 
aqueous NaHCO3 solution, a saturated brine solution and dried over MgSO4. The crude 
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solid was further purified by column chromatography (silica gel, eluant: 98:2 
EtOAc/EtOH) giving a white solid (0.55 g, 76%).  MS (ESI+) [M + H+] 1110.6; HRMS 





Benzyl protected octapeptide 27 (0.042 g, 0.038 mmol) was dissolved in ethanol (15 
mL) in a pressure flask, a catalytic amount of Pd/C (10%) was added and the flask was 
secured in a Parr hydrogenation apparatus, pressurized with an atmosphere of H2 (50 PSI) 
and shaken.  After 24 h, the solution was filtered through celite, the solvent was removed 
under reduced pressure and dried in vacuo giving a white solid.  This was dissolved in a 
20% TFA/CH2Cl2 solution at 0 °C, allowed to warm to 25 °C and stirred for 3 h 
(complete deprotection was confirmed by TLC).  The solvent was removed under 
reduced pressure and dried in vacuo, the crude solid was added to a solution of PyAOP 
(0.059 g, 0.113 mmol) in anhydrous DMF (50 mL).  DIEA (50 μL, 0.30 mmol) was 
added in one portion and the solution instantly became yellow.  After stirring for 3 h, the 
DMF was removed under reduced pressure and the mixture taken up in CH2Cl2 and 
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DIEA (62 μL, 0.37 mmol) then glacial acetic acid (17 μL, 0.30 mmol) was added (this 
was done to decompose the excess PyAOP).  The crude product was then purified by 
preparatory TLC (silica plate [20 × 20 cm], eluant: 94:6 CH2Cl2/MeOH) giving a white 
solid (0.019 g, 55%).  MS (ESI+) [M + H+] 902.47; HRMS (ESI+) [M + H+] calcd for 
C49H60N9O8: 902.4559, found: 902.4609. 
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Controlling Polymer Properties through Dynamic Metal-ligand Interactions:   




5.1   Abstract 
A straightforward methodology towards the supramolecular synthesis of novel 
coordination polymers with attractive optical properties is presented.  By coordinating 
bifunctional fluorescent cruciform molecules through ditopic metallated pincer 
complexes (Pd or Pt), we have synthesized a new class of well-defined coordination 
polymers having controllable and tunable physical and photophysical properties.  The 
formation of these new materials via metal coordination was monitored using 1H NMR 
spectroscopy, the Ka of the metal-ligand interaction was measured using isothermal 
titration calorimetry (ITC), the solution polymeric properties were evaluated using 
viscometry and the optical properties were measured and observed using fluorescence 
spectroscopy.  The fast and quantitative synthesis of a wide range of pre-fabricated 
monomeric cruciform and metallated pincer complex components will allow for the rapid 
generation, growth and optimization of this new class of functional polymers having 
potential electronic and optical applications. 
5.2   Introduction 
Conjugated and fluorescent molecules are candidates for integration into electro-
optical and light-emitting devices (LEDs) because of their electrical, optical, and redox 
properties.1-6  Polymeric-based systems are desirable owing to their good mechanical and 
film forming properties, which are amenable to solution processing.7 Supramolecular 
polymeric systems based on the assembly of monomeric units via noncovalent 
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interactions add an additional level of control.  Such materials have the potential to 
combine the processability and mechanical properties of a traditional polymeric system 
without the long-range defects and functional group intolerance of covalent 
polymerization methodologies.8  Self-assembled materials are dynamic systems with 
reversible interactions that are responsive to environmental stimuli allowing for the 
adjustment of polymeric properties for specific applications.  Intense research in this area 
has yielded new supramolecular polymeric materials based on conjugated building blocks 
with novel applications ranging from tissue engineering9  to electronic applications.10  
Rowan and Weder have used metal-ligand interactions to form supramolecular 
fluorescent phenylene-ethynylene coordination polymers that can be processed easily into 
films and fibers.11-14  The Bunz group has investigated cross-conjugated fluorescent 
cruciform-shaped molecules as new electro-optical materials, owing to their unique 
properties15-21  as well as distyrylbenzene-substituted poly(paraphenylene-ethynylene)s 
as covalent PPE-PPV hybrids.20 
The ultimate goal is to prepare functional and solution processable materials with 
tailorable physical and optical properties.  Towards this, a discrete toolbox of 
supramolecular monomers was polymerized using weak labile interactions.  By readily 
exchanging monomer components we were able to augment the final properties of the 
materials to fit a specific need via a simple assembly step, which minimized or obviated 
more costly and time consuming synthetic steps.  This chapter reports the employment of 
two metal centers, palladium and platinum, for the coordination event as well as two 
cruciforms, which coordinate along different conjugated axes.  The resulting functional 
polymeric material displayed the fluorescence of the small molecule cruciform species 
 158
within a well-defined supramolecular polymeric framework capable of solution 




Figure 5.1  Four monomers in the supramolecular toolbox. 
 
Coordinating cruciforms through a pyridyl unit on either the styryl or arylethynylene 
axis, to either a bis-Pd or bis-Pt pincer complex provided a library of related polymers 
having a range of physical and optical properties, as shown at the top of Scheme 5.1.  The 
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Scheme 5.1  Coordination of 1 to 2 giving fluorescent polymer 1P; 2P, 3P and 4P are the 
fluorescent polymers formed from their respective monomers. 
 
 160
The cruciform building blocks investigated (1,4 distyryl-2,5-bisarylethynylbenzenes) 
are part of a larger class of “X-shaped“ molecules with attractive electro-optical 
properties.15-19, 21-30  Haley and coworkers examined tetra arylethynyl substituted 
cruciforms providing in-depth luminescence characterizations and self-association 
studies.22, 23  Both Bunz and Haley have independently demonstrated that donor and 
acceptor groups placed on separate axial paths led to molecules in which the frontier 
molecular orbitals (FMOs) were confined to their respective donor (HOMO) and acceptor 
(LUMO) substituted arms.16, 17, 22, 23 
The second class of building blocks, bis-metallated pincer complexes, are capable of 
forming strong, single-site, directional coordinations, which are both fast and quantitative 
to a variety of ligands31-44  and able to provide supramolecular architectures. 
Using building blocks 1–4 we were able to fine-tune the Ka of the coordination events 
and ultimately the polymer properties.  The Ka value of the metal-pyridyl ligand 
interaction of each cruciform was expected to vary depending on the para substituent, 
which was an alkenyl group in 1 and an alkynyl group in 3.  This electronic effect has 
been shown to fit the Hammett equation using the σ+ constant45  of the para substituent. 
31  Furthermore, Pt pincer complexes are known to have a significantly stronger 
association in comparison to Pd pincer complexes, allowing us to also control the 
association via the metal center.46  Therefore, the uniqueness of each metal-ligand 
interaction within these structurally related supramolecular materials led to polymers with 




5.3   Results and Discussion 
Cruciform monomers 115  and 316  were synthesized in the Bunz group, and pincer 
complex monomers 247  and 448, 49  were synthesized in the Weck group following 
literature procedures.  In 2 and 4, acetonitrile molecules were coordinated to the metal 
centers of each respective pincer complex.  The weaker coordination of nitriles led to a 
spontaneous and quantitative exchange of the acetonitriles for the pyridyl functionalized 
cruciform ligands giving 1P-4P in excellent yields.  Self-assembly was accomplished by 
combining the bis-metallated pincer complexes with the cruciform of choice.  For 
solubility purposes all of the physical characterization studies were carried out in DMF 
except for fluorescence studies, which were performed in a CHCl3/DMSO mixture. 
Using 1H NMR spectroscopy, the self-assembly was monitored by shifts of diagnostic 
signals pre- and post-coordination in d7-DMF.  Both 2 and 4 showed shifts characteristic 
of quantitative metal-coordination events.  The doublet at 8.65 ppm, representative of the 
α-pyridyl protons of cruciform 1, showed a quantitative upfield shift to 8.50 ppm after 
coordination to 2 and a quantitative downfield shift to 9.21 ppm after coordination to 4.  
In cruciform 3 the α-pyridyl signal has an upfield shift from 8.80 to 8.63 ppm after 
coordination to 2, and a downfield shift to 9.35 ppm after coordination to 4.50  We 
observed a broadening of all the signals for 1P-4P, typical of polymers.  Shown in Figure 
5.2 is a representative 1H NMR spectrum for the formation of 1P-4P, displaying the 
aromatic region of 1 before and after coordination to 4 in d7-DMF.  The quantitative 
shifts of every proton along the distyryl axis are shown; protons farther from the 
coordinated pyridyl nitrogen have smaller shifts as they experience less of an electronic 
perturbation.  Also, the unaffected doublet of doublets labeled ε and ζ in the spectra 
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Figure 5.2  Stacked 1H NMR spectra of aromatic region in d7-DMF depicting metal 
coordination of 1 to 4: A) cruciform 1, 0.006 M; B) 1:1 mixture of 1 and 4 giving 
polymer 3P, 0.006 M. 
 
The strength of the metal-ligand interactions was quantified using ITC, providing a 
complete thermodynamic characterization.  In these experiments it was assumed that the 
Ka value of the interaction was independent of the polymer length, i.e. Kaverage ≈ K1 ≈ Kn.  
By titrating a DMF solution of each bis-metallated pincer complex (10 mM) into a DMF 
solution of each cruciform (1 mM) at 22 °C an isotherm was generated, from which a Ka 
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(Kaverage) value was calculated.  All titrations were carried out in triplicate to validate the 
reported Ka values, as shown in Table 5.1.  Furthermore, all isotherms showed a 
hyperbolic shape characteristic of a weaker dynamic on/off binding event with the 
isotherm of 3P as a representative shown in Figure 5.3. 
 
 
Figure 5.3  Isotherm generated from the titration of 4 into 1 in DMF to give 3P. 
 
The polymer Ka values were higher when using 4 than when using 2 by 
approximately an order of magnitude.  Literature reports indicate that the Pt-based 
coordination using pincer complexes was significantly stronger than their palladium 
analogues,46  which tracks well with our results.  The range of association strengths 
available for coordination events involving cruciforms was used to control the properties 
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of the supramolecular material.  However, the assumption that Ka = Kaverage was first 
validated.  To this end, small molecule binding studies were carried out with pincer 
complexes 2 and 4 and  cruciform 1, measuring the Ka values and comparing them to the 
measured coordination polymer Ka (Kaverage) values.  The Ka values for pincer complexes 
2 and 4 coordinated to pyridine and cruciform 1 coordinated to monotopic Pd and Pt 
pincer complexes, 5 and 6, respectively, were measured in DMF.  Complexes 5 and 6 are 
shown in Figure 5.4. 
 
 
Figure 5.4  Monotopic Pd pincer complex 5 and monotopic Pt pincer complex 6 
coordinated to cruciform molecules. 
 
The close agreement of the small model Ka values to the polymeric Ka values 
strengthens the notion that Ka = Kaverage.  Plugging these Ka values into the MSOA model 








Table 5.1  ITC Ka values and degree of polymerization of each supramolecular complex. 
Complex Ka (M-1) Maximum DP[a] 
1P 5.7 (± 1.6) 103 14 
2P 2.1 (± 0.5) 103 10 
3P 44.3 (± 5.4) 103 53 
4P 15.2 (± 2.9) 103 31 
2.Pyr 6.0 (± 0.5) 103 - 
4.Pyr 60.0 (± 7.8) 103 - 
1.5 9.8 (± 3.2) 103 - 
1.6 53.0 (± 4.8) 103 - 
 
[a] Maximum DP ≈ (Ka[monomer])1/2; based on a 1:1 A-B supramolecular monomer concentration of 0.033 
M in DMF. 
 
Confirming and quantifying the self-assembly of each polymeric system with 1H 
NMR and ITC, the solution properties of these polymer were then analyzed.  Owing to 
the weaker Ka values of the metal-ligand interactions in DMF, size-exclusion 
chromatography proved to be unreliable in determining their molecular weights and 
polydispersities.  Therefore, viscometry was used to analyze the materials using a 
Cannon-Ubbelohde semi-micro type viscometer.  It was demonstrated that there was a 
molecular weight dependence of 1P based on the monomer feed ratios in DMF, with a 
maximum relative viscosity (ηr) at a stoichiometric equivalence of 1 and 2.  This was 
interpreted as the longest possible length of the polymers in solution, assuming maximum 
coordination.  Deviation from a 1:1 monomer feed ratio led to chain termination and a 
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less viscous solution, as the length of the supramolecular polymer decreased, as shown in 
Figure 5.5. 
 
Figure 5.5  Degree of polymerization dependence on the stoichiometry of 1 to 2 in DMF, 
a maximum DP is seen at a 1:1 stoichiomtric equivalence. 
 
Next the ηr at different concentrations in DMF was investigated.  A linear increase in 
ηr is generally expected as one increases the concentration of a covalent polymer 
solution.  However, because the metal-ligand interactions are more favored at higher 
concentrations, a non-linear increase was observed. 
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Figure 5.6  A) Plot of relative viscosity of bis-Pd pincer complexed materials 1P and 2P.  
B) Plot of relative viscosity of bis-Pt pincer complexed materials 3P and 4P all in DMF.  
Figure 5.6 shows the viscometry results.  The expected non-linear increase is seen for 
all of the polymeric materials. The viscosity measurements are also in accord with the 
ITC determined Ka values, with the polymer 3P solution being 70 times more viscous 
than pure DMF, and both bis-Pt pincer complexed polymeric solutions 3P and 4P 
significantly more viscous than the bis-Pd pincer complexed polymeric solutions 1P and 
2P.  Polymers 1P and 3P, coordinating to the metal through the more electron-rich 
pyridyl groups on the distyryl axis, had a higher relative viscosity as compared to the 
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polymers formed from cruciform 3, which coordinated along the less electron releasing 
arylethynylene axis. 
The viscosity results illustrated the inherent control over the polymer properties in 
each supramolecular system.  By simply switching one monomeric component with an 
alternate one from the toolbox we were able to quickly tune the DP and thus viscosity. 
Finally, the luminescent properties of these supramolecular materials were examined 
by the Bunz group.  Fluorescence spectroscopy was used, comparing the emissions of 
1P-4P to their small molecule analogues.  Unlike the characterizations of the polymer 
physical properties, spectroscopic studies in DMF were not possible as the self-assembly 
was not readily observed at the dilute concentrations necessary for fluorescent 
measurements.  As a result, all spectroscopic studies were conducted in a mixture of 
CHCl3-DMSO (95:5).51  For each supramolecular material red-shifted emissions were 
observed compared to the uncoordinated cruciforms.  A decrease in fluorescence 
intensity for each material proportional to the measured Ka values of each metal-ligand 
interaction was also observed.  The results of this study are summarized in Figure 5.7 and 
Tables 5.2 and 5.3, with additional spectra included in the Experimental section. 
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Figure 5.7  Normalized emission of cruciforms 1 and 3 and λmax of the farthest red-
shifted emissions of polymers 1P-4P (precipitation seen at these maximum DPs) all at 
0.0445 mM.  A) Emission of cruciform 1 (black) and Pd coordination polymers 1P (blue) 
and 3P (green).  B) Emission of cruciform 3 (maroon) and Pt coordination polymers 2P 









Table 5.2  Summary of the changes in emission observed upon the addition of increasing 
equivalents of 2 or 4 to 1 or 3.  The concentration of the cruciform in all samples was 

















1P 445 515 (2.0 eq.) 485 (15.0 eq.) 520 
2P 455 560 (3.6 eq.) 512 (20.0 eq.) 544 
3P 445 542 (1.4 eq.) N.A. N.A. 
4P 455 510 (3.0 eq.) 504 (15.0 eq.) 504 
 
[a] Parentheses refer to the number of equivalents of ditopic pincer complex added to achieve shift 
 
Table 5.3  Summary of the changes in emission observed upon the addition of 5 or 6 to 1 










1.5 445 491 
3.5 455 507 
1.6 445 540 
3.6 455 515 
 
Uncoordinated 1 possessed a vibrant blue emission at 445 nm.  Upon titration of 2.0 
equivalents of 2 into a solution of 1, a bathochromic shift (445→515 nm) was observed.  
If a large excess (15.0 equivalents) of 2 was added, a subsequent hypsochromic shift 
(515→485 nm) resulted.  In order to rationalize these changes in emission, a similar 
emission study coordinating monotopic Pd pincer complex 5 to 1 was performed.  In the 
case of this model system, a similar bathochromic shift (445→491 nm) during the 
titration of 5 was observed. 
These emission shifts were explained by the perpendicular arrangement of the frontier 
molecular orbitals in the cruciforms.  Coordination in the cruciforms occurs along the 
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LUMO axis.  As corroborated in the 1H NMR spectroscopy studies, the HOMO axis was 
largely unaffected post-coordination.  Therefore, the LUMO is stabilized and the energy 
band-gap in every system decreases, resulting in the observed bathochromic shifts. 
This effect partially explained the change in emission observed upon the titration of 2 
into 1.  During the early stages of the titration, coordination resulted in the assembly of 
polymer 1P with an increasing DP.  This putative high molecular weight material had 
limited solubility in the CHCl3-DMSO mixture used for fluorescent measurements, which 
led to aggregation.  This was visually observed in the samples by clouding and the 
formation of a precipitate.  Previous investigations of cruciform aggregates and 
polymorphs in the solid-state displaying differences in their emissive behavior have been 
observed,18  therefore the red-shifted emission to 515 nm at 2 equivalents of 2 into 1 was 
attributed to both the LUMO stabilization and aggregation effects.  This conclusion was 
further supported by the solid-state emission of 1P at 520 nm (dropcast film from a 1:2 
mixture of 1 and 2).  However, upon the addition of 15 equivalents of 2, this large excess 
of pincer complex led to the formation of smaller end-capped oligomers, e.g. 2-1-2 
complexes.  Unlike the high charge density of polymer 1P, these smaller charged species 
were soluble in CHCl3, and therefore the emission appeared at a slightly lower 
wavelength (485 nm) from the initial uncoordinated cruciform.  This was similar to the 
emission observed from the soluble model complex formed upon the addition of 
monotopic 5 to 1 (491 nm) solely representing the emission change from the stabilization 
of the LUMO after self-assembly. 
A similar trend was observed for the self-assembly of 2P, with a bathochromic shift 
(455→560 nm) detected during the beginning stages of the titration of pincer complex 2 
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(3.6 equivalents) into 3; further addition of 2 (20.0 equivalents) resulted in a blue-shift 
(560→512 nm).  Once again, a substantial bathochromic shift was observed, which 
resulted from the complexation to 2 as well as the aggregation effect associated with the 
growing polymers.  This resulted in a red-shifted emission similar to that observed for 2P 
in the solid state (544 nm).  Upon the addition of 20 equivalents of 2 the aggregates were 
broken up forming soluble oligomers, which emitted at 512 nm.  Again this was 
comparable to the emission observed upon the addition of monotopic 5 (507 nm) to 3. 
Changes in the optical properties of 1 and 3 were also observed upon assembly with 
bis-Pt pincer complex 4.  In the case of 3, a bathochromic shift (455→510 nm) was 
observed upon the addition of 3.0 equivalents of 4.  This emission was consistent with the 
observed solid state emission of 504 nm.  Further addition of 4 (15.0 equivalents) resulted 
in a small blue-shift (510→504 nm) corresponding to short-chain soluble oligomers.  
This emission was consistent with the emission observed for the model complex formed 
from cruciform 3 and monotopic Pt pincer 6 (515 nm).  Assembly of 1 with 4 also 
resulted in a bathochromic shift (445–542 nm) upon the addition of 1.4 equivalents of 4.  
However, further fluorescence measurements at higher equivalents of pincer complex 
were not detected due to near baseline fluorescence intensity.  Limited intensity also 
prevented the measurement of the solid state emission of 3P.   
The decrease in fluorescence intensity observed upon the self-assembly of each 
material also occurred in other cruciform coordination studies.  We previously 
demonstrated that upon exposure to protons or metal cations, cruciforms 1 and 3 
experience a sharp decrease in fluorescence quantum yield.21  This effect was greater for 
protonation than for binding to metal cations, which suggested that a greater positive 
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charge at the pyridine nitrogen resulted in a greater decrease in fluorescence intensity.  It 
is suggested that binding of a proton or metal at the pyridyl nitrogen results in a stronger 
vibronic coupling between the ground and excited states, in addition the heavy atom 
effect exerted by the Pt-pincer complex.  Therefore, as the binding increased, non-
radiative relaxation pathways from the excited state to the ground state become more 
accessible, which resulted in a decreased fluorescence intensity. 
5.4   Conclusion 
In summary, four new supramolecular polymers were assembled by coordinating 
pyridyl functionalized cruciforms 1 and 3 to either ditopic bis-Pd complex 2 or bis-Pt 
pincer complex 4.  The fast and quantitative self-assembly was characterized by 1H NMR 
and the association strength of each metal-ligand interaction was evaluated by ITC.  From 
these values approximate degrees of polymerization were calculated.  This data pegs the 
pyridyl distyryl-Pt coordination as the strongest and the pyridyl arylethynylene-Pd 
interaction as the weakest.  The solution polymeric properties were characterized using 
viscometry, complementing the calculated ITC association strengths with the 3P solution 
the most viscous and 2P the least viscous. Finally, the luminescent properties were 
measured using fluorescence spectroscopy.  The emissions of the supramolecular 
materials were significantly red-shifted from their uncoordinated cruciforms.  The 
fluorescence intensity decreased in the order 3P < 1P < 2P < 4P, proportional to their 
association strength. 
By developing, expanding and studying the building blocks available for self-
assembly, the presented strategy allows for the design and synthesis of a class of novel 
functional organometallic polymers with predictable and tunable properties from a 
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discrete set of monomers, circumventing problems associated with traditional covalent 
polymer synthesis.  Each component in this system is amenable to further 
functionalizations and modification giving us a virtually unlimited pool of monomers to 
investigate and exploit in future studies. 
5.5   Experimental 
Materials and Methods: 
All chemicals were purchased from Aldrich Chemical, Acros, or Fisher Scientific and 
used as received unless otherwise specified.  NMR spectra were recorded at 298 K on a 
Varian Mercury spectrometer (1H = 300 MHz), residual solvent was used as an internal 
standard. 
 
General procedures for ITC characterization of coordination complexes: 
All measurements were carried out on a Microcal VP-ITC Microcalorimeter at 22 °C 
in anhydrous DMF degassed under reduced pressure. 
 
Bis-metallated pincer complex:cruciform: 
The bis-metallated pincer complex in DMF (10 mM) was titrated (5 μL injections 
over 10 sec followed by an equilibration period) into a DMF solution of the cruciform (1 
mM).  A reference run of each bis-metallated pincer complex solution titrated into pure 
DMF was subtracted from each measurement to account for the heat of dilution.  Each 




Monotopic pincer complex:cruciform: 
The monotopic metallated pincer complex in DMF (20 mM) was titrated (5 μL 
injections over 10 sec followed by an equilibration period) into a DMF solution of the 
cruciform (1 mM).  A reference run of each monotopic metallated pincer complex 
solution titrated into pure DMF was subtracted from each measurement to account for the 
heat of dilution.  Each experiment was done in triplicate to validate all Ka values.  The 
reverse addition was also carried out to corroborate the data by titrating a DMF cruciform 
solution (10 mM) into a DMF monotopic metallated pincer complex solution (1 mM) 
under identical conditions. 
 
Bis-metallated pincer complex:pyridine: 
The bis-metallated pincer complex solution in DMF (10 mM) was titrated (5 μL 
injections over 10 sec followed by an equilibration period) into a DMF solution of 
anhydrous pyridine (1 mM).  A reference run of each bis-metallated pincer complex 
solution titrated into pure DMF was subtracted from each measurement to account for the 
heat of dilution.  Each experiment was done in triplicate to validate all Ka values.  The 
reverse addition was also carried out to corroborate the data by titrating a DMF 
anhydrous pyridine solution (20 mM) into a DMF bis-metallated pincer complex solution 
(1 mM) under identical conditions. 
 
Viscometry: 
All studies were carried out in HPLC grade DMF, in a Cannon-Ubbelohde semi-
micro type viscometer No. 100 L182, timed with a stopwatch at 25 °C.  Initial solutions 
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of 0.033 mM of each supramolecular material at a 1:1 stoichiometric ratio were prepared 
by dissolving 0.033 mmol of each component in DMF (1 mL) in the viscometer, 
sonicating it for 10 min, incubating it for 10 min and then acquiring three efflux times.  
Then the solution within the viscometer was diluted to 0.025 mM, 0.018 mM, 0.012 mM 
and 0.006 mM; between each of these concentrations the solutions were equilibrated and 
the efflux times measured in triplicate. 
 
Optical Spectra: 
All samples and data were prepared and collected by A. J. Zucchero in the Bunz 
Laboratory.  All samples were prepared using spectroscopic grade solvents purchased 
from OmniSolv.  All fluorescence spectra were recorded on a Shimadzu RF-5301PC 
spectrofluorophotometer and acquired in a triangular quartz cuvette to minimize spectral 
artifacts (specifically self absorption).  Solutions were mixed (as enumerated in the tables 
below) such that the final concentration of cruciform in all samples measured was 0.0445 
mM in a mixture of CHCl3-DMSO (95:5).  All solution volumes were measured using 
Eppendorf Reference variable volume pipettors.  Significant noise was present due to 
near baseline fluorescence intensity in some cases.   In addition, scattering peaks were 
present.  A spectra of the triangular cuvette filled with solvent was obtained and 





Procedure for the preparation of cruciform 1:bis-Pd pincer 2 solutions for 
fluorescence spectroscopy:  
A stock solution of cruciform 1 (1.78 mM) was prepared by dissolving 1 (106.2 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of bis-Pd pincer 2 (0.0177 M) was 
prepared by dissolving 2 (92.0 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
1.0 100 10 190 3700 
1.4 100 14 186 3700 
1.6 100 16 184 3700 
1.8 100 18 182 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
10.0 100 100 100 3700 
15.0 100 150 50 3700 
20.0 100 200 0 3700 
 
Fluorescence spectra were then obtained and are presented in Figure 5.8.  
Additionally, the traces were normalized and plotted to highlight the observed shifts in 















0 1.0 eq. 1.4 eq. 1.8 eq.
2.0 eq. 5.0 eq. 15.0 eq.















0.0 eq. 1.0 eq. 1.4 eq. 1.6 eq.
2.0 eq. 5.0 eq. 10.0 eq. 15.0 eq.
Figure 5.9  Normalized spectra showing the emission of 1 upon the addition of 
increasing equivalents of 2. 
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Procedure for the preparation of cruciform 3:bis-Pd pincer 2 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 3(1.78 mM) was prepared by dissolving 3(101.0 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of bis-Pd pincer 2 (0.0177 M) was 
prepared by dissolving 2 (92.0 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
1.0 100 10 190 3700 
1.2 100 12 188 3700 
1.6 100 16 184 3700 
2.0 100 20 180 3700 
2.2 100 22 178 3700 
2.6 100 26 174 3700 
3.0 100 30 170 3700 
3.2 100 32 168 3700 
3.6 100 36 164 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
10.0 100 100 100 3700 
15.0 100 150 50 3700 
20.0 100 200 0 3700 
 
Fluorescence spectra were then obtained and are presented in Figure 5.10.  
Additionally, the traces were normalized.  Upon normalization, noise was observed in the 
fluorescence spectra, due to near baseline fluorescence intensity, the use of a triangular 
fluorescence cuvette, and the presence of aggregates in solution.  To remove some of this 
noise, a spectrum of a triangular cuvette filled with a control solution of 2 was obtained.  
A baseline subtraction was performed to remove some artifacts present in the raw 













0 eq. 1.2 eq. 1.6 eq. 2.0 eq. 2.2 eq. 2.6 eq.
3.2 eq. 3.6 eq. 5.0 eq. 10.0 eq. 20.0 eq.
415 515 615
 















0.0 eq. 1.2 eq. 1.6 eq. 2.0 eq. 2.2 eq. 2.6 eq.
3.2 eq. 3.6 eq. 5.0 eq. 10.0 eq. 20.0 eq.  
Figure 5.11  Corrected and normalized spectra showing the emission of 3 upon the 
addition of increasing equivalents of 2. 
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Procedure for the preparation of cruciform 1:bis-Pt pincer 4 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 1 (1.78 mM) was prepared by dissolving 1 (106.2 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of bis-Pt pincer 4 (0.0177 M) was 
prepared by dissolving 4 (95.7 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
0.4 100 4 196 3700 
0.8 100 8 192 3700 
1.0 100 10 190 3700 
1.2 100 12 188 3700 
1.4 100 14 186 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
10.0 100 100 100 3700 
15.0 100 150 50 3700 
20.0 100 200 0 3700 
 
Fluorescence spectra were then obtained and are presented in Figure 5.12.  
Additionally, the traces were normalized.  Upon normalization, noise was observed in the 
fluorescence spectra, due to near baseline fluorescence intensity, the use of a triangular 
fluorescence cuvette, and the presence of aggregates in solution.  To remove some of this 
noise, a spectrum of a triangular cuvette filled with a control solution of 4 was obtained.  
A baseline subtraction was performed to remove some artifacts present in the raw 


















0.0 eq. 0.4 eq. 0.8 eq. 1.0 eq. 1.2 eq. 1.4 eq.
400 450 500 550 600
 
Figure 5.12  Emission Spectra of 1 upon the addition of increasing equivalents of 4.  
Residual fluorescence was observed at 542 nm upon further addition of 4; however, it 















0.0 eq. 0.4 eq. 0.8 eq. 1.0 eq. 1.2 eq. 1.4 eq.
 
Figure 5.13  Corrected and normalized spectra showing the emission of 1 upon the 
addition of increasing equivalents of 4. 
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Procedure for the preparation of cruciform 3:bis-Pt pincer 4 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 3 (1.78 mM) was prepared by dissolving 3 (101.0 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of bis-Pt pincer 4 (0.0177 M) was 
prepared by dissolving 4 (95.7 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
0.5 100 5 195 3700 
1.0 100 10 190 3700 
1.4 100 14 186 3700 
1.6 100 16 184 3700 
1.8 100 18 182 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
10.0 100 100 100 3700 
15.0 100 150 50 3700 
20.0 100 200 0 3700 
 
Fluorescence spectra were then obtained and are presented in Figure 5.14.  
Additionally, the traces were normalized.  Upon normalization, noise was observed in the 
fluorescence spectra, due to near baseline fluorescence intensity, the use of a triangular 
fluorescence cuvette, and the presence of aggregates in solution.  To remove some of this 
noise, a spectrum of a triangular cuvette filled with a control solution of 4 was obtained.  
A baseline subtraction was performed to remove some artifacts present in the raw 


















0.0 eq. 0.5 eq. 1.0 eq. 1.4 eq. 1.6 eq. 2.0 eq. 3.0 eq.
4.0 eq. 5.0 eq. 15.0 eq.
400 450 500 550 600
 














0.0 eq. 1.0 eq. 1.4 eq. 1.6 eq. 1.8 eq. 2.0 eq.
3.0 eq. 4.0 eq. 5.0 eq. 15.0 eq.
 
Figure 5.15  Corrected and normalized spectra showing the emission of 3 upon the 










Solid-State Emission of 1P, 2P, and 4P: 
Thin films were prepared for assemblies 1P, 2P, and 4P by dropcasting solutions of 
polymers in CHCl3:DMSO (95:5) onto glass slides.  Slides were dried under a flow of air.  
Emission spectra were collected for all three polymers.  The spectrum of a glass slide was 



















Figure 5.16  Emission of thin films of polymers 1P, 2P, and 4P after baseline-subtraction 
of the glass slide. 
 
Procedure for the preparation of cruciform 1:mono-Pd pincer 5 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 1 (1.78 mM) was prepared by dissolving 1 (106.2 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of mono-Pd pincer 5 (0.0177 M) 
was prepared by dissolving 5 (51.9 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 













0.0 100 0 200 3700 
1.0 100 10 190 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
20.0 100 200 0 3700 
 














0.0 eq. 1.0 eq. 2.0 eq. 3.0 eq.
4.0 eq. 5.0 eq. 20.0 eq.
400 450 500 550 600
Figure 5.17  Emission Spectra of 1 upon the addition of increasing equivalents of mono-







Procedure for the preparation of cruciform 1:mono-Pt pincer 6 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 1 (1.78 mM) was prepared by dissolving 1 (106.2 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of mono-Pt pincer 6 (0.0177 M) 
was prepared by dissolving 6 (62.6 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
1.0 100 10 190 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
 













0.0 eq. 1.0 eq. 2.0 eq. 3.0 eq. 4.0 eq.
400 450 500 550 600
Figure 5.18  Emission Spectra of 1 upon the addition of increasing equivalents of mono-
Pt pincer 6. 
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Procedure for the preparation of cruciform 3:mono-Pd pincer 5 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 3 (1.78 mM) was prepared by dissolving 3 (101.0 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of mono-Pd pincer 5 (0.0177 M) 
was prepared by dissolving 5 (51.9 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
10.0 100 100 100 3700 
15.0 100 150 50 3700 
20.0 100 200 0 3700 
 













0.0 eq. 2.0 eq. 3.0 eq. 4.0 eq.
5.0 eq. 10.0 eq. 15.0 eq. 20.0 eq.
Figure 5.19 Emission Spectra of 3 upon the addition of increasing equivalents of mono-













Procedure for the preparation of cruciform 3:mono-Pt pincer 6 solutions for 
fluorescence spectroscopy: 
A stock solution of cruciform 3 (1.78 mM) was prepared by dissolving 3 (101.0 mg, 
0.178 mmol) in CHCl3 (100.0 mL).  A stock solution of mono-Pt pincer 6 (0.0177 M) 
was prepared by dissolving 6 (62.6 mg, 0.086 mmol) in DMSO (5.0 mL).  Individual 












0.0 100 0 200 3700 
2.0 100 20 180 3700 
3.0 100 30 170 3700 
4.0 100 40 160 3700 
5.0 100 50 150 3700 
10.0 100 100 100 3700 
 













0.0 eq. 2.0 eq. 3.0 eq. 4.0 eq. 5.0 eq. 10.0 eq.
400 450 500 550 600
 
Figure 5.20  Emission Spectra of 3 upon the addition of increasing equivalents of mono-
Pt pincer 6. 
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6.1   Abstract 
This chapter summarizes the objectives of this research and the accomplishments, 
which have brought us closer to realizing our initial goal, the supramolecular synthesis of 
a cyclic peptide membrane.  This membrane architecture, once achieved will ideally be 
the beginning of a new research arm of supramolecular synthesis branching off into many 
other exciting areas.  This chapter puts forth multiple different uses, optimization 
strategies, and developmental evolutions that should be investigated in order for this 
research to mature and prosper. 
 
6.2   Current Status of Cyclic Peptide Supramolecular Architectures 
The overall objective of this project is to create biologically relevant and functional 
supramolecular architectures, such as a well-defined membrane. We chose to work with 
peptides, because of the wide range of natural and synthetic amino acids available with 
functional and amenable side-chains.  At the commencement of this thesis research, 
synthetic self-assembly of peptidal and proteinaceous architectures was very limited.  It 
was only 16 years ago that the first coordination of a metal ion salt to a peptide side-
chain was reported.1-4  And currently, there are no reports of well-defined finite peptide-
organometallic supramolecular architectures. 
Early objectives to reach this goal were to synthesize a biological supramolecular 
synthon and to coordinate it via complementary cohesive recognition units. 
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An alternating D,L cyclic peptide was chosen as the biological synthon owing to its:  
tunable pore diameter, selectivity and transport of guest molecules and vertical self-
assembling behavior.1, 2, 5-17
A bis-metallated pincer complex was chosen as the ditopic metal-coordinating unit 
due to its single site, directional and 180° linear coordination in a variety of solvents.18-21  
This metal-ligand interaction has already found a variety of uses in purely synthetic 
supramolecular architectures,18  and has thus far not been assembled with any biological 
synthons. 
Early research for this project was spent synthesizing pyridyl functionalized linear 
peptide units and then coordinating them to monometallic pincer complexes.21  This was 
done to elucidate and understand the coordination behavior of metallated pincer 
complexes with peptide functionalized ligands, something unknown until now.  Our 
primary concern was that the ancillary functionalities of our peptide system may 
interfere with this otherwise well-defined metal-ligand interaction.  This cautious study 
was done to validate the complex synthesis of a pyridyl functionalized cyclic peptide. 
The results from this study singled out an optimum pyridyl unit from the four 
peptides investigated.  Cyclic peptide 28, which incorporated this residue, an L-4-pyridyl 
alanine into the cyclic backbone, was designed and synthesized.  The accomplishment of 
this research includes an optimized synthesis using a solution-phase synthetic route with 
high coupling yields at every step, and a new purification using preparatory TLC. 
Cyclic octapeptide 28 was successfully synthesized and obtained in great enough 
quantity and purity to carry out preliminary coordination studies.  1H NMR and ES-MS 
analysis showed quantitative coordination.  Detection via MS was shown to be inversely 
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relative to the cone voltage strength of the spectrometer, which fragments the molecular 
ion signal of bicylic bis Pd-pincer complex 1 as it is increased. 
 
 
Figure 6.1  Bicyclic nanostructure observed in ES-MS. 
 
6.3   Future Work Towards Cyclic Peptide Supramolecular Architectures 
Based on the very preliminary but promising coordination results shown in Figure 
6.1, an expansion of the coordination behavior is the next phase. 
The ultimate goal of this work is to develop engineered membranes, possibly for 
sensing purposes of small analytes.22-28  As with our initial coordination studies of linear 
tripeptides the research building up to this goal is best done incrementally.  By 
synthesizing pyridyl cyclic peptides with an ever increasing number of pyridyl units, 
different supramolecular architectures may be realized, such as the homo-cyclic 
supramolecular architectures and hetero-cyclic supramolecular architecture shown in 




Scheme 6.1  Homo-architectures composed of cyclic peptides with an increasing number 
of pyridyl units and a ditopic metallated pincer complex, for the tripyridyl cyclic peptide 
on the right the ladder architecture is only one possible supramolecular isomer. 
 
 
Scheme 6.2  Hetero-architectures composed of different pyridyl cyclic peptides and a 




If accessible, all of these structures will have unique characterization demands, most 
likely based on their solubility.  As the structures grow larger, both increased charge 
density of the metal centers and rigidity may limit the solubility of materials such as 5 or 
6 shown in Schemes 6.1 and 6.2, respectively.  More polar solvents may be required to 
solvate these poly(organometallic) structures, this will in turn weaken the association 
strength of the entire assembly and may be a later concern for potential applications.  
Additionally, supramolecular isomerism for tripyridyl and hetero systems may limit the 
predictability of these self-assembled systems, although continuous planar structures may 
be thermodynamically favored once several of the structural pieces are properly aligned 
and coordinated as in 6 of Scheme 6.2 as compared to the vacant ligand and metal center 
sites of 7, shown in Figure 6.2, a possible supramolecular isomer of 6. 
 
 
Figure 6.2  Possible supramolecular isomer of architecture 6. 
 
The ultimate goal of a final freestanding membrane architecture may be logistically 
difficult, and raises several questions.   
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1) How do we retrieve the self-assembled architecture without disrupting the 
metal-coordination?   
2) How do we localize or place the architecture? 
3) How do we characterize the system? 
By self-assembling these architectures off and from a surface, several of these issues 
may be mitigated.  Stochastic membrane sensors are frequently assembled within a 
diaphragm having an aperture,16, 25, 27 held together by very weak attractive forces.  By 
functionalizing the surface of the aperture with pyridines a finite and peripherally 
tethered supramolecular membrane can be assembled and then characterized by 
conductance measurements as analytes pass through it, as shown in Figure 6.3.  This 
envisaged system would be superior to current engineered membranes in that it would 
have multiple well-defined pores for analyte transport as compared to a single pore 
created by a transmembrane pore protein in the current systems.10, 29, 30  Metallated pincer 
complexes and other units have previously been functionalized on surfaces as nucleation 
sites, and the use of earlier cyclic peptides as membrane channels, and Pd-pincer 




Figure 6.3  Pyridyl functionalized aperture, which tetrapyridyl cyclic peptides have been 
self-assembled into giving a membrane with well-defined pore sizes.  Circled “+” are 
cations selectively passing through. 
 
 These systems are all based on cyclic peptides with partially N-methylated 
backbone amido nitrogens.  By synthesizing unmethylated systems the cycles can have 
an orthogonal H-bonded self-assembly along a vertical axis to give organic nanotubes.12  
This behavior has been fully characterized in earlier cyclic systems with different 
peripheral functionalizations,10, 35, 36  and may allow for more elaborate self-assembled 
tubular arrays, such as the one shown in Figure 6.4.  This system’s bottom layer would 
have bipyridyl cyclic peptides that have a half N-methylated faces at the Ala amido 
nitrogens, this would allow for self-assembly on one face.  By adding unmethylated 
cyclic peptides, this lowest face could be a nucleation site for the vertical growth of 




Figure 6.4  Self-assembled tubular arrays grown from a monolayer of pyridyl cyclic 
peptides with unmethylated non pyridyl cycles. 
 
Efforts to engineer a network similar to the one shown in Figure 6.4 have been 
attempted in a crystalline solid state with limited success through peripheral side-chain 
modifications.37  This new design would facilitate such a system in both the solution and 
the solid state. 
An earlier report of a device fabricated from a peptide nanotube on an alkanethiol 
covered gold electrode surface acted as a diffusion controlled dynamic biosensor;38  this 
system could possibly supplant this earlier device as a high performance system with 
multiple inputs for analyte detection.  By altering the backbone structure of the cycles for 
interior functionalization,6, 8  the tubes can be functionalized with a bias creating a 
selectivity towards different analytes.  Shown in Figure 6.5 is a cation selective biosensor 




Figure 6.5  Tubular array cationic biosensor embedded in an alkanethiol SAM on a gold 
electrode. 
  
An early desire of Ghadiri’s was to utilize the tubes in molecular electronics.12  It can 
be envisaged that coordinating tubular arrays having different internal functionalizations 
can be used for the growth and insulation of conjugated systems for electro-optical 
applications.39-41
Finally, by functionalizing other side-chains with latent functionalities that can be 
reacted post self-assembly the final architectures can be covalently captured.  The 
coordination would align and place the components and this architecture could then be 
covalently glued together.  A simple demonstration of this system has already been 
reported.   In this system a cyclic dimer having terminal alkenes off alkyl side-chains was 
covalently captured using a metathesis catalyst.36  This same strategy could be employed 
for larger more sophisticated architectures, giving permanent structures. 
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Based on the breadth of research provided by numerous groups there is a deep well of 
novel cyclic peptide systems to draw from.  By gleaning and incorporating features from 
previous reports into our one of a kind system a myriad of new architectures and 
materials can be imagined. 
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7.1   Abstract 
This chapter recapitulates the objectives and accomplishments, of this research 
project.  The final goal, a rapid optimization methodology for emissive and solution 
processable polymeric materials via a supramolecular strategy has not been achieved.  
The challenges and problems with this first generation system are stated and a number of 
synthetic ideas to overcome them are given.  Each idea is critically reviewed and efficient 
synthetic schemes are provided. 
 
7.2   Current Status of Cruciform Supramolecular Architectures 
The objective of the project described in chapter 5 was to create a class of cruciform 
polymeric materials with tunable physical and photophysical properties that could be 
rapidly optimized into processable materials. A self-assembly strategy was chosen to 
accomplish this objective due to the fast and defect free polymerization growth inherent 
in SPs.  The attractive and tunable optical properties of terminal bipyridyl cruciforms 
make them outstanding candidates for incorporation into supramolecular materials.  
They can be viewed as ditopic ligands for coordination to a suitable metal complex, such 
as a bimetallic pincer complex giving cruciform polymers.  The supramolecular 
synthesis of cruciform materials heretofore has not been investigated.  It was envisaged 
that a toolbox of functionally different cruciforms could be used to self-assemble and 
rapidly optimize a new class of luminescent polymers. 
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 The initial goal of the project was to understand and control the coordination 
behavior of multiple cruciforms to multiple pincer complexes.  The results showed that 
the physical properties of the polymers in solution were dependent on both the 
concentration of the solution and the Ka of the metal-ligand interaction.1  The luminescent 
intensity of solution and thin film polymeric samples was shown to be inversely 
dependent on the Ka of the metal-ligand interaction.1
 These preliminary results demonstrated that bipyridyl cruciform molecules are good 
ligands for coordination to bismetallated pincer complexes, giving coordination polymers 
with chain-like polymeric properties in solution.  However, for this project to further 
advance several shortcomings of these materials need to be addressed. 
 The DP of even our best system, related to the Ka, is still too low to induce a 
sufficient chain entanglement required for a processable polymer.  The only solvents 
suitable for our materials are DMF and DMSO, the competitive and polar nature of both 
lowers the Ka of our metal-ligand interaction. The high boiling points of the polar 
solvents also make them difficult to remove, further complicating polymeric solution 
processing.  Antithetical to this is the decreased luminescence as the Ka increases, an 
inherent phenomenon that occurs after coordination to pyridyl crucifoms.  Based on 
theses initial results the DP, processability, and luminescence cannot be simultaneously 
improved in these materials. 
 
7.3   Future Work Towards Cruciform Supramolecular Architectures 
The limited solubility of our CPs is most likely due to the rigidness of our final 
polymeric assemblies in conjuction with a high density of localized charges from the 
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continuous line of closely spaced metal centers.  Synthetically this system may be 
improved by designing a new metallated pincer complex, which separates the charged 
metal centers. 
Structures 1 and 2, shown in Figure 7.1, are bimetallic pincer complexes with the 
metal centers separated by a long alkyl chain.  These molecules should improve the 
flexibility of the polymeric system and also distance the metal center, having a 
synergistic effect on the solubility in apolar solvents.  The spacer of 2 also has ethyl 
hexyl groups off a central aromatic core to reduce aggregation and improve solubility.  
Both molecules can be readily prepared from commercially available starting materials.  




Figure 7.1  Bimetallic pincer complexes with long spacer groups separating the metal 
centers, and other branched alkyl chains to improve solubility. 
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 Molecules 1 and 2 may improve solubility, but they would not expected to improve 
or even retain the fluorescence post coordination any more so than the original polymers.  
We have previously shown that during coordination or protonation, the accumulation of 
positive charge on the axial pyridyl nitrogens, the LUMO arms, leads to a decrease in 
fluorescence intensity.3, 4  To overcome this obstacle I have propose an alternate 
cruciform supramolecular sython, designed to coordinate to the metallated pincer 
complex via a phosphine ligand instead of a pyridyl ligand.  In a previous report we have 
shown that metal-coordination along the HOMO arms increases the fluorescence 
intensity.4  The HOMO should lie along the diphosphino axis of cruciform 6, shown in 
Scheme 7.1, based on the electron donation character of the phosphino groups.  Starting 
material 4 can be synthesized following literature procedures,5 this synthetic route is the 




Scheme 7.1  Synthetic route to diphosphino cruciform 6. 
 
 Based on the prior results4  and empirical observations, cruciform 6 if coordinated to 
bimetallic pincer complexes 1 or 2 should have improved fluorescence and solubility.  
Additionally, phosphino ligands have a higher Ka to metallated pincer complexes than 
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pyridyl ligands.3, 7  Therefore, the coordination of cruciform 6 through either 1 or 2 is 
expected to have improved solubility, fluorescence and solution processability. 
 
7.3.1 Cruciform-Pincer Hybrid Complex 
A more radical and elaborate cruciform design is a cruciform-pincer hybrid complex, 
such as 10 shown in Scheme 7.2.  Starting material 88  can be synthesized following 
literature procedures, the remaining steps adhere closely to the standard cruciform 
synthesis.6   Metallated pincer complexes are stable under a variety of harsh reaction 
conditions,8-10  but their stability under Sonogashira coupling conditions is unknown. 
Therefore, metallation of the pincer ligand will be carried out after coupling to the 




Scheme 7.2  Synthetic route to Pt-pincer cruciform 10.  Ditopic 11 is a proposed ligand 
to coordinate to 10 giving a novel CP. 
  
 By coordinating cruciform 10 to ditopic 11, or a related molecule, a flexible CP 
having a reversed coordination can be self-assembled.  Owing to the broad molecular 
similarities, this system is expected to have solubility traits similar to CPs coordinated 
with spaced pincer complexes 1 or 2.  Scheme 7.2 shows platination of a NCN ligand, 
this alternatively could also be palladated.  Additionally an SCS palladated version of this 
cruciform could also be designed.  I am quite curious to know the luminescent behavior, 
if any, of this system.  It is an attractive and interesting molecule that has no precedence 
in the literature, and it remains to be seen if this molecule can address our solubility, Ka 
and luminescent concerns. 
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7.3.2 Self-associating UPy-Cruciforms 
A final modification to the cruciform complex avoids the use of expensive precious 
metals and may also address the solubility and diminished fluorescence problems of the 
original system.  This systems uses quadruple H-bonded arrays11, 12  to get high DPs, H-
bonded cruciform synthon 17 is shown in Scheme 7.3.  Starting materials 1213  and 1611  
can be synthesized following literature procedures. 
 
 
Scheme 7.3  Synthetic route of UPy-cruciform that can form H-bonded SPs. 
 
 217
 All components of UPy-cruciform 17 should be soluble in apolar organic solvents, it 
is expected that 17 would be readily soluble in similar media and should self-associate, 
dimerizing with a Ka > 108 M-1.12.  This strong association would ensure very high 
molecular weight SPs in dilute solutions.  Additionally the UPy H-bonding system is not 
in conjugation with the cruciform and therefore should not interfere with its fluorescence. 
If necessary, the UPy moiety could be attached with a longer spacer between the 
cruciform.  Solubility should improve over the original system due to greater flexibility, 
more alkyl tails, and an overall neutral system after complexation. 
 
 
Figure 7.2  Self-association of 17 and supramolecular dilution with a ditopic spacer. 
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 Finally, if this H-bonded system has the cruciforms in to close a proximity, then the 
system could be supramolecularly diluted by adding a ditopic H-bonded spacer, as shown 
in Figure 7.2. 
 Overall to achieve a readily solution processable and fluorescent system, the UPy-
cruciform system is based on a large volume of published precedence11, 12, 14-23  and is 
synthetically and economically the most viable.  However, the pincer complex-cruciform 
hybrid is the most unique of the proposed structures and has the most mystery 
surrounding its potential properties and applications. 
 
7.4  Conclusion 
 To conclude, the accumulation of data and results for chapter 5 was a grueling 
challenge.  Out of respect for those efforts, I hope that all of these novel ideas will be 
thoroughly investigated by a group of eager and bright young minds. 
 219




[1] Gerhardt, W. W., Zucchero, A. J., South, C. R., Bunz, U. H. F., Weck, M. 
Controlling Polymer Properties through Dynamic Metal-Ligand Interactions: 
Supramolecular Cruciforms Made Easy. Chem. Eur. J. 2007, in press. 
 
[2] Yount, W. C., Juwarker, H., Craig, S. L. Orthogonal Control of Dissociation 
Dynamics Relative to Thermodynamics in a Main-Chain Reversible Polymer. J. 
Am. Chem. Soc. 2003, 125, 15302-15303. 
 
[3] Gerhardt, W. W., Zucchero, A. J., Wilson, J. N., South, C. R., Bunz, U. H. F., 
Weck, M. Supramolecular cruciforms. Chem. Commun. 2006, 2141-2143. 
 
[4] Zucchero, A. J., Wilson, J. N., Bunz, U. H. F. Cruciforms as Functional 
Fluorophores: Response to Protons and Selected Metal Ions. J. Am. Chem. Soc. 
2006, 128, 11872-11881. 
 
[5] Wang, Y., Lai, C. W., Kwong, F. Y., Jia, W., Chan, K. S. Synthesis of aryl 
phosphines via phosphination with triphenylphosphine by supported palladium 
catalysts. Tetrahedron 2004, 60, 9433-9439. 
 
[6] Wilson, J. N., Josowicz, M., Wang, Y., Bunz, U. H. F. Cruciform π-systems: 
hybrid phenylene-ethynylene/phenylene-vinylene oligomers. Chem. Commun. 
2003, 2962-2963. 
 
[7] van Manen, H.-J., Nakashima, K., Shinkai, S., Kooijman, H., Spek, A. L., van 
Veggel, F. C. J. M., Reinhoudt, D. N. Coordination chemistry of SCS PdII pincer 
systems. Eur. J. Inorg. Chem. 2000, 2533-2540. 
 
[8] Albrecht, M., Rodríguez, G., Schoenmaker, J., van Koten, G. New Peptide Labels 
Containing Covalently Bonded Platinum(II) Centers as Diagnostic Biomarkers 
and Biosensors. Org. Lett. 2000, 2, 3461-3464. 
 
[9] Albrecht, M., van Koten, G. Platinum group organometallics based on "pincer" 




[10] Guillena, G., Kruithof, C. A., Casado, M. A., Egmond, M. R., van Koten, G. The 
Suzuki cross-coupling reaction: a powerful tool for the attachment of 
organometallic 'NCN'-pincer units to biological scaffolds. J. Organomet. Chem. 
2002, 668, 3-7. 
 
 220
[11] Sijbesma, R. P., Beijer, F. H., Brunsveld, L., Folmer, B. J. B., Ky Hirschberg, J. 
H. K., Lange, R. F. M., Lowe, J. K. L., Meijer, E. W. Reversible polymers formed 
from self-complementary monomers using quadruple hydrogen bonding. Science 
1997, 278, 1601-1604. 
 
[12] Söntjens, S. H. M., Sijbesma, R. P., van Genderen, M. H. P., Meijer, E. W. 
Stability and lifetime of quadruply hydrogen bonded 2-ureido-4[1H]-
pyrimidinone dimers. J. Am. Chem. Soc. 2000, 122, 7487-7493. 
 
[13] Far, A. R., Cho, Y. L., Rang, A., Rudkevich, D. M., Rebek, J., Jr. Polymer-bound 
self-folding cavitands. Tetrahedron 2002, 58, 741-755. 
 
[14] Scherman, O. A., Ligthart, G. B. W. L., Sijbesma, R. P., Meijer, E. W. A 
selectivity-driven supramolecular polymerization of an AB monomer. Angew. 
Chem. Int. Ed. 2006, 45, 2072-2076. 
 
[15] Dankers, P. Y. W., Harmsen, M. C., Brouwer, L. A., Van Luyn, M. J. A., Meijer, 
E. W. A modular and supramolecular approach to bioactive scaffolds for tissue 
engineering. Nature Mater. 2005, 4, 568-574. 
 
[16] Chang, M. H., Hoeben, F. J. M., Jonkheijm, P., Schenning, A. P. H. J., Meijer, E. 
W., Silva, C., Herz, L. M. Influence of mesoscopic ordering on the 
photoexcitation transfer dynamics in supramolecular assemblies of oligo-p-
phenylenevinylene. Chem. Phys. Lett. 2006, 418, 196-201. 
 
[17] Brunsveld, L., Folmer, B. J. B., Meijer, E. W., Sijbesma, R. P. Supramolecular 
Polymers. Chem. Rev. 2001, 101, 4071-4097. 
 
[18] Schenning, A. P. H. J., Meijer, E. W. Supramolecular electronics; nanowires from 
self-assembled p-conjugated systems. Chem. Commun. 2005, 3245-3258. 
 
[19] Hoeben, F. J. M., Jonkheijm, P., Meijer, E. W., Schenning, A. P. H. J. About 
Supramolecular Assemblies of p-Conjugated Systems. Chem. Rev. 2005, 105, 
1491-1546. 
 
[20] Bosman, A. W., Sijbesma, R. P., Meijer, E. W. Supramolecular polymers at work. 
Mater. Today 2004, 7, 34-39. 
 
[21] El-Ghayoury, A., Schenning, A. P. H. J., Meijer, E. W. Synthesis of π-conjugated 
oligomer that can form metallo polymers. J. Poly. Sci. Part A.: Polym. Chem. 
2002, 40, 4020-4023. 
 
[22] Gohy, J.-F., Lohmeijer, B. G. G., Schubert, U. S. From Supramolecular Block 
Copolymers to Advanced Nano-Objects. Chem. Eur. J. 2003, 9, 3472-3479. 
 
 221
[23] Gohy, J.-F., Lohmeijer, B. G. G., Varshney, S. K., Decamps, B., Leroy, E., 
Boileau, S., Schubert, U. S. Stimuli-Responsive Aqueous Micelles from an ABC 













X-ray Structural Data for Compound 2 of Chapter 3 
 223
 
Table A1  Crystal data and structure refinement for Compound 2 of Chapter 3. 
Identification code  wg4ala_0m 
Empirical formula  C21 H20 N4 O6 
Formula weight  424.41 
Temperature  173(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 13.2293(4) Å α= 90°. 
 b = 4.82920(10) Å β= 100.164(1)°. 
 c = 15.8456(4) Å γ = 90°. 
Volume 996.44(4) Å3 
Z 2 
Density (calculated) 1.415 Mg/m3 
Absorption coefficient 0.887 mm-1 
F(000) 444 
Crystal size 0.60 x 0.09 x 0.06 mm3 
Theta range for data collection 7.82 to 61.32°. 
Index ranges -12<=h<=14, -5<=k<=4, -17<=l<=18 
Reflections collected 3859 
Independent reflections 2212 [R(int) = 0.0143] 
Completeness to theta = 61.32° 87.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9487 and 0.6183 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2212 / 1 / 289 
Goodness-of-fit on F2 1.049 
Final R indices [I>2sigma(I)] R1 = 0.0305, wR2 = 0.0702 
R indices (all data) R1 = 0.0327, wR2 = 0.0714 
Absolute structure parameter 0.1(2) 
Largest diff. peak and hole 0.132 and -0.176 e.Å-3 
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Table A.2  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for Compound 2 of Chapter 3.  U(eq) is defined as one third of  the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
C(1) 1148(2) 10664(5) 3815(1) 25(1) 
C(2) 285(2) 12591(5) 3515(1) 25(1) 
C(3) -241(2) 14293(5) 3976(1) 31(1) 
C(4) -1033(2) 15885(6) 3520(2) 36(1) 
C(5) -1263(2) 15757(6) 2634(2) 37(1) 
C(6) -729(2) 14010(6) 2172(1) 34(1) 
C(7) 46(2) 12422(5) 2627(1) 26(1) 
C(8) 751(2) 10363(5) 2338(1) 28(1) 
C(9) 2228(2) 7526(5) 3075(1) 28(1) 
C(10) 3084(2) 8886(5) 2689(1) 24(1) 
C(11) 4532(2) 7954(5) 1954(1) 23(1) 
C(12) 5577(2) 6791(5) 2373(1) 26(1) 
C(13) 5947(2) 7852(5) 3269(1) 27(1) 
C(14) 6645(2) 9999(5) 3432(1) 32(1) 
C(15) 6962(2) 10916(6) 4266(2) 41(1) 
C(16) 5973(2) 7718(6) 4780(2) 43(1) 
C(17) 5606(2) 6697(5) 3969(1) 33(1) 
C(18) 4239(2) 6838(5) 1047(1) 23(1) 
C(19) 3518(2) 7649(5) -431(1) 30(1) 
C(20) 2650(2) 5614(5) -455(1) 29(1) 
C(21) 1233(2) 4293(7) 177(2) 49(1) 
N(1) 1382(2) 9411(4) 3082(1) 26(1) 
N(2) 3717(2) 7109(4) 2409(1) 24(1) 
N(3) 6637(2) 9811(5) 4941(1) 42(1) 
N(4) 3923(2) 8642(4) 422(1) 26(1) 
O(1) 1577(1) 10214(4) 4540(1) 35(1) 
O(2) 804(1) 9579(4) 1622(1) 40(1) 
O(3) 3165(2) 11412(3) 2661(1) 40(1) 
O(4) 4253(1) 4312(3) 911(1) 28(1) 
O(6) 2508(2) 3699(4) -951(1) 41(1) 
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Table A.2 (continued) 
O(7) 2055(1) 6242(4) 105(1)  35(1) 
 
 
Table A.3   Bond lengths [Å] and angles [°] for Compound 2 of Chapter 3. 
________________________________________________________________________  
C(1)-O(1)  1.208(2) 
C(1)-N(1)  1.393(3) 
C(1)-C(2)  1.484(3) 
C(2)-C(3)  1.369(3) 
C(2)-C(7)  1.389(3) 
C(3)-C(4)  1.394(3) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.384(3) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.390(4) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.378(3) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.489(3) 
C(8)-O(2)  1.210(3) 
C(8)-N(1)  1.396(3) 
C(9)-N(1)  1.445(3) 
C(9)-C(10)  1.528(3) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-O(3)  1.226(3) 
C(10)-N(2)  1.329(3) 
C(11)-N(2)  1.457(3) 
C(11)-C(18)  1.520(3) 
C(11)-C(12)  1.531(3) 
C(11)-H(11)  1.0000 
C(12)-C(13)  1.508(3) 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.382(4) 
C(13)-C(17)  1.385(3) 
C(14)-C(15)  1.387(3) 
C(14)-H(14)  0.9500 
C(15)-N(3)  1.333(4) 
C(15)-H(15)  0.9500 
C(16)-N(3)  1.334(4) 
C(16)-C(17)  1.382(3) 
C(16)-H(16)  0.9500 
C(17)-H(17)  0.9500 
C(18)-O(4)  1.239(3) 
C(18)-N(4)  1.330(3) 
C(19)-N(4)  1.445(3) 
C(19)-C(20)  1.506(4) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(20)-O(6)  1.207(3) 
C(20)-O(7)  1.322(3) 
C(21)-O(7)  1.457(3) 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
N(2)-H(2N)  0.79(3) 



































































































































Table A. 4   Anisotropic displacement parameters  (Å2x 103) for Compound 2 of 
Chapter 3.  The anisotropic displacement factor exponent takes the form:  -2π2[ h2 
a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
C(1) 22(2)  27(1) 28(1)  4(1) 8(1)  1(1) 
C(2) 22(2)  25(1) 27(1)  4(1) 6(1)  -1(1) 
C(3) 34(2)  32(1) 29(1)  4(1) 9(1)  3(1) 
C(4) 31(2)  35(2) 43(1)  6(1) 12(1)  11(1) 
C(5) 29(2)  37(2) 43(1)  10(1) 3(1)  7(1) 
C(6) 30(2)  40(2) 30(1)  7(1) 2(1)  -1(1) 
C(7) 25(2)  25(1) 28(1)  4(1) 5(1)  -3(1) 
C(8) 30(2)  30(1) 26(1)  2(1) 6(1)  -4(1) 
C(9) 28(2)  23(1) 35(1)  2(1) 15(1)  5(1) 
C(10) 29(2)  20(1) 26(1)  -2(1) 6(1)  2(1) 
C(11) 23(2)  19(1) 29(1)  -2(1) 6(1)  -2(1) 
C(12) 23(2)  26(1) 31(1)  -6(1) 7(1)  -1(1) 
C(13) 21(2)  26(1) 34(1)  -4(1) 3(1)  5(1) 
C(14) 27(2)  30(1) 37(1)  -3(1) 1(1)  5(1) 
C(15) 35(2)  35(2) 50(2)  -10(1) -6(1)  0(1) 
C(16) 53(2)  39(2) 35(1)  -3(1) 9(1)  4(2) 
C(17) 34(2)  32(1) 34(1)  -6(1) 6(1)  -1(1) 
C(18) 18(2)  24(1) 29(1)  -2(1) 9(1)  -2(1) 
C(19) 36(2)  31(1) 24(1)  2(1) 6(1)  1(1) 
C(20) 32(2)  30(1) 24(1)  2(1) 0(1)  6(1) 
C(21) 37(2)  58(2) 54(2)  -3(2) 9(1)  -16(2) 
N(1) 26(1)  26(1) 27(1)  3(1) 9(1)  4(1) 
N(2) 28(1)  15(1) 29(1)  -2(1) 9(1)  -1(1) 
N(3) 46(2)  41(1) 36(1)  -11(1) -1(1)  10(1) 
N(4) 31(1)  18(1) 30(1)  -4(1) 6(1)  -2(1) 
O(1) 34(1)  45(1) 26(1)  6(1) 5(1)  11(1) 
O(2) 47(1)  46(1) 29(1)  -4(1) 11(1)  3(1) 
O(3) 44(1)  19(1) 64(1)  0(1) 31(1)  1(1) 
O(4) 34(1)  20(1) 31(1)  -4(1) 5(1)  1(1) 
O(6) 45(1)  39(1) 37(1)  -14(1) 2(1)  -4(1) 
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Table A.4 (continued) 




Table A. 5   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 
10 3) for Compound 2 of Chapter 3. 
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
  
H(3) -74 14384 4584 37 
H(4) -1419 17073 3821 43 
H(5) -1798 16887 2336 44 
H(6) -892 13914 1565 40 
H(9A) 1979 5860 2737 33 
H(9B) 2503 6929 3669 33 
H(11) 4567 10022 1938 28 
H(12A) 5531 4747 2391 32 
H(12B) 6091 7275 2012 32 
H(14) 6907 10844 2973 38 
H(15) 7436 12410 4361 49 
H(16) 5738 6877 5252 51 
H(17) 5125 5218 3892 40 
H(19A) 4078 6753 -671 36 
H(19B) 3271 9249 -801 36 
H(21A) 738 4270 -362 74 
H(21B) 887 4861 646 74 
H(21C) 1523 2436 293 74 
H(4N) 3940(20) 10270(60) 527(14) 27(7) 
H(2N) 3630(20) 5510(70) 2438(17) 45(9) 
________________________________________________________________________
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Table A.7  Hydrogen bonds for Compound 2 of Chapter 3  [Å and °]. 
 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(4)-H(4N)...O(4)#1 0.80(3) 2.07(3) 2.858(3) 169(3) 
 N(2)-H(2N)...O(3)#2 0.79(3) 2.12(3) 2.892(3) 169(3) 
________________________________________________________________________ 
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Table B.1  Crystal data and structure refinement for Compound 3 of Chapter 3. 
Identification code  wg3gly 
Empirical formula  C20 H18 N4 O6 
Formula weight  410.38 
Temperature  173(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 4.7602(3) Å α= 90°. 
 b = 13.4131(9) Å β= 90°. 
 c = 29.517(3) Å γ = 90°. 
Volume 1884.6(2) Å3 
Z 4 
Density (calculated) 1.446 Mg/m3 
Absorption coefficient 0.918 mm-1 
F(000) 856 
Crystal size 0.40 x 0.08 x 0.04 mm3 
Theta range for data collection 7.25 to 45.89°. 
Index ranges -4<=h<=4, -12<=k<=11, -22<=l<=24 
Reflections collected 4179 
Independent reflections 1408 [R(int) = 0.0794] 
Completeness to theta = 45.89° 88.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9642 and 0.7103 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1408 / 0 / 272 
Goodness-of-fit on F2 1.020 
Final R indices [I>2sigma(I)] R1 = 0.0392, wR2 = 0.0620 
R indices (all data) R1 = 0.0648, wR2 = 0.0666 
Absolute structure parameter -0.1(5) 
Largest diff. peak and hole 0.122 and -0.195 e.Å-3 
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Table B.2  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) 
for Compound 3 of Chapter 3.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
C(1) 4489(12) 6280(4) 1559(3) 31(2) 
C(2) 6103(12) 7082(4) 1323(3) 26(2) 
C(3) 8062(13) 7731(5) 1496(2) 42(2) 
C(4) 9211(12) 8428(4) 1199(3) 48(2) 
C(5) 8388(14) 8476(4) 752(3) 49(2) 
C(6) 6389(13) 7816(5) 583(2) 39(2) 
C(7) 5297(11) 7118(4) 876(3) 29(2) 
C(8) 3133(12) 6338(4) 799(3) 30(2) 
C(9) 990(10) 5010(3) 1283(2) 27(2) 
C(10) 2583(12) 4037(4) 1210(2) 24(2) 
C(11) 2104(10) 2222(4) 1183(2) 24(2) 
C(12) 1863(12) 1654(4) 740(2) 24(2) 
C(13) 20(13) 1907(4) 400(3) 37(2) 
C(14) 1595(18) 601(5) -40(3) 55(2) 
C(15) 3434(14) 310(4) 282(3) 37(2) 
C(16) 3600(11) 832(5) 668(2) 38(2) 
C(17) 588(13) 1623(4) 1556(2) 22(1) 
C(18) 1192(11) 536(4) 2208(2) 35(2) 
C(19) 3037(14) -361(5) 2254(3) 37(2) 
C(20) 3992(13) -1780(4) 2700(2) 65(2) 
N(1) 2801(9) 5864(3) 1220(2) 23(1) 
N(2) 923(8) 3230(3) 1182(1) 26(1) 
N(3) 2268(9) 1172(3) 1850(2) 31(1) 
O(1) 1875(8) 6118(3) 462(2) 44(1) 
O(2) 4520(8) 6017(3) 1949(2) 45(1) 
O(3) 5152(8) 4004(2) 1198(1) 31(1) 
O(4) -1974(7) 1581(2) 1565(1) 28(1) 
O(5) 5044(10) -539(3) 2026(2) 52(1) 
O(6) 2206(7) -922(3) 2606(1) 46(1) 
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Table B.2 (continued) 
N(4) -189(12) 1395(5) 2(2) 63(2) 
           _______________________________________________________________________
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Table B.3   Bond lengths [Å] and angles [°] for Compound 3 of Chapter 3. 
_________________________________________________________________________  
C(1)-O(2)  1.203(6) 
C(1)-N(1)  1.400(7) 
C(1)-C(2)  1.494(7) 
C(2)-C(3)  1.375(7) 
C(2)-C(7)  1.376(6) 
C(3)-C(4)  1.394(7) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.378(7) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.392(7) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.376(7) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.485(7) 
C(8)-O(1)  1.197(6) 
C(8)-N(1)  1.405(7) 
C(9)-N(1)  1.445(6) 
C(9)-C(10)  1.526(6) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-O(3)  1.224(6) 
C(10)-N(2)  1.342(5) 
C(11)-N(2)  1.465(5) 
C(11)-C(12)  1.517(6) 
C(11)-C(17)  1.541(7) 
C(11)-H(11)  1.0995 
C(12)-C(13)  1.376(7) 
C(12)-C(16)  1.394(7) 
C(13)-N(4)  1.363(6) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.350(8) 
C(14)-N(4)  1.368(7) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.340(7) 
C(15)-H(15)  0.9500 
C(16)-H(16)  0.9500 
C(17)-O(4)  1.221(6) 
C(17)-N(3)  1.327(6) 
C(18)-N(3)  1.452(6) 
C(18)-C(19)  1.495(7) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-O(5)  1.193(7) 
C(19)-O(6)  1.341(7) 
C(20)-O(6)  1.458(6) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
N(2)-H(2N)  0.7847 























































































C(13)-N(4)-C(14) 115.2(6)  
___________________________________ 
Symmetry transformations used to generate 
equivalent ato
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Table B.4   Anisotropic displacement parameters  (Å2x 103) for Compound 3 of Chapter 3.  The 
anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 33(4)  25(5) 36(6)  -2(5) -1(5)  7(4) 
C(2) 23(4)  13(4) 43(7)  -4(4) 1(4)  -3(4) 
C(3) 45(4)  31(4) 49(6)  -6(4) 7(4)  3(4) 
C(4) 34(4)  30(5) 80(7)  -9(5) -3(5)  -6(4) 
C(5) 43(5)  27(5) 77(8)  10(4) 15(4)  -9(4) 
C(6) 46(4)  43(5) 28(6)  10(4) 9(4)  1(4) 
C(7) 25(4)  23(5) 37(7)  -1(4) 0(4)  4(4) 
C(8) 27(5)  26(4) 37(7)  -3(4) 3(4)  10(4) 
C(9) 23(3)  19(4) 40(5)  -4(3) 0(3)  -1(3) 
C(10) 34(4)  22(4) 15(4)  5(3) -1(3)  -11(4) 
C(11) 21(3)  21(4) 30(5)  5(4) 4(3)  -1(3) 
C(12) 21(4)  22(4) 29(5)  5(4) 1(4)  -2(3) 
C(13) 44(4)  29(4) 37(6)  -1(4) 1(5)  4(4) 
C(14) 68(6)  50(5) 47(7)  -31(5) 25(5)  -31(4) 
C(15) 41(5)  36(4) 35(6)  -13(4) 3(4)  7(4) 
C(16) 39(4)  42(4) 33(6)  -2(4) -3(4)  4(4) 
C(17) 29(4)  16(3) 21(5)  -5(3) 0(4)  5(3) 
C(18) 27(4)  49(4) 27(5)  14(3) -1(3)  2(4) 
C(19) 42(5)  27(4) 42(6)  1(4) -14(4)  -12(4) 
C(20) 93(5)  44(4) 58(6)  20(4) 15(4)  31(5) 
N(1) 28(3)  20(3) 22(4)  0(3) -4(3)  -4(3) 
N(2) 23(3)  18(3) 37(4)  4(2) -3(3)  8(3) 
N(3) 21(3)  46(3) 26(4)  16(3) -5(3)  -1(3) 
O(1) 51(3)  41(3) 39(4)  -2(2) -14(2)  -3(2) 
O(2) 55(3)  42(3) 37(4)  5(3) -11(3)  -9(2) 
O(3) 15(2)  27(2) 50(3)  0(2) 1(2)  -2(2) 
O(4) 12(2)  35(2) 37(3)  6(2) 2(2)  1(2) 
O(5) 59(3)  39(3) 57(4)  12(2) 27(3)  12(2) 
O(6) 49(3)  45(3) 44(4)  22(3) 6(3)  1(3) 
N(4) 74(4)  67(4) 48(6)  -1(4) 2(4)  -18(4) 
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Table B.5   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for Compound 3 of Chapter 3. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________  
  
H(3) 8610 7706 1805 50 
H(4) 10592 8881 1307 58 
H(5) 9191 8963 557 59 
H(6) 5799 7846 276 47 
H(9A) -598 5048 1067 33 
H(9B) 209 5022 1594 33 
H(11) 4347 2288 1266 29 
H(13) -1168 2468 444 44 
H(14) 1537 231 -314 66 
H(15) 4594 -257 236 45 
H(16) 4912 641 895 46 
H(18A) -750 326 2136 41 
H(18B) 1153 908 2498 41 
H(20A) 3903 -2248 2445 97 
H(20B) 3340 -2112 2976 97 
H(20C) 5935 -1557 2742 97 
H(2N) -718 3285 1179 55 
H(3N) 3765 1242 1844 55 
______________________________________________________________________________
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Symmetry transformations used to generate equivalent atoms:  
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Table B.7  Hydrogen bonds for Compound 3 of Chapter 3  [Å and °]. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 N(2)-H(2N)...O(3)#1 0.78 2.19 2.937(5) 159.1 
 N(3)-H(3N)...O(4)#2 0.72 2.24 2.919(5) 159.2 
____________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  









X-ray Structural Data for Compound 4 of Chapter 3 
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Table C.1  Crystal data and structure refinement for Compound 4 of Chapter 3. 
Identification code  WG3pyrAla 
Empirical formula  C21 H20 N4 O6 
Formula weight  424.41 
Temperature  123(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 4.7892(2) Å α= 90°. 
 b = 13.5763(4) Å β= 90°. 
 c = 30.7597(10) Å γ = 90°. 
Volume 1999.98(12) Å3 
Z 4 
Density (calculated) 1.410 Mg/m3 
Absorption coefficient 0.883 mm-1 
F(000) 888 
Crystal size 0.48 x 0.09 x 0.04 mm3 
Theta range for data collection 8.65 to 51.59°. 
Index ranges -4<=h<=4, -13<=k<=12, -31<=l<=31 
Reflections collected 7779 
Independent reflections 2153 [R(int) = 0.0299] 
Completeness to theta = 51.59° 98.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9655 and 0.6765 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2153 / 0 / 285 
Goodness-of-fit on F2 1.092 
Final R indices [I>2sigma(I)] R1 = 0.0282, wR2 = 0.0654 
R indices (all data) R1 = 0.0323, wR2 = 0.0675 
Absolute structure parameter 0.0(2) 
Largest diff. peak and hole 0.152 and -0.165 e.Å-3 
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Table C.2  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for Compound 4 of Chapter 3.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________   
C(1) 7063(5) -2522(2) 1549(1) 21(1) 
C(2) 5348(5) -3070(2) 1230(1) 22(1) 
C(3) 3377(5) -3801(2) 1293(1) 28(1) 
C(4) 2110(5) -4186(2) 927(1) 33(1) 
C(5) 2787(6) -3857(2) 515(1) 35(1) 
C(6) 4756(5) -3116(2) 453(1) 31(1) 
C(7) 5984(5) -2728(2) 817(1) 23(1) 
C(8) 8086(5) -1932(2) 863(1) 26(1) 
C(9) 10507(5) -1130(2) 1488(1) 23(1) 
C(10) 9081(6) -127(2) 1505(1) 21(1) 
C(11) 9866(5) 1660(2) 1558(1) 21(1) 
C(12) 10776(6) 2118(2) 1990(1) 26(1) 
C(13) 9512(5) 3121(2) 2072(1) 22(1) 
C(14) 10441(6) 3960(2) 1858(1) 30(1) 
C(15) 7341(6) 4955(2) 2204(1) 30(1) 
C(16) 6269(6) 4176(2) 2438(1) 29(1) 
C(17) 7384(5) 3246(2) 2370(1) 26(1) 
C(18) 11211(6) 2185(2) 1176(1) 22(1) 
C(19) 10666(6) 3018(2) 488(1) 43(1) 
C(20) 8800(6) 3757(2) 284(1) 26(1) 
C(21) 8158(7) 4722(2) -348(1) 43(1) 
N(1) 8688(4) -1869(1) 1305(1) 21(1) 
N(2) 10810(4) 634(1) 1533(1) 22(1) 
N(3) 9413(5) 4863(2) 1917(1) 33(1) 
N(4) 9517(4) 2580(1) 880(1) 27(1) 
O(1) 7150(4) -2582(1) 1942(1) 30(1) 
O(2) 9132(4) -1404(1) 589(1) 36(1) 
O(3) 6515(4) -63(1) 1499(1) 32(1) 
O(4) 13774(4) 2221(1) 1143(1) 29(1) 
O(5) 6733(4) 4082(2) 443(1) 47(1) 
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Table C.2 (continued) 




Table C.3   Bond lengths [Å] and angles [°] for Compound 4 of Chapter 3. 
_________________________________________________________________________  
C(1)-O(1)  1.211(3) 
C(1)-N(1)  1.400(3) 
C(1)-C(2)  1.481(3) 
C(2)-C(3)  1.382(3) 
C(2)-C(7)  1.386(3) 
C(3)-C(4)  1.381(4) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.383(3) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.392(4) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.371(3) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.484(3) 
C(8)-O(2)  1.216(3) 
C(8)-N(1)  1.392(3) 
C(9)-N(1)  1.443(3) 
C(9)-C(10)  1.524(3) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-O(3)  1.232(3) 
C(10)-N(2)  1.327(3) 
C(11)-N(2)  1.466(3) 
C(11)-C(18)  1.517(3) 
C(11)-C(12)  1.532(3) 
C(11)-H(11)  1.0000 
C(12)-C(13)  1.512(3) 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(17)  1.382(3) 
C(13)-C(14)  1.388(3) 
C(14)-N(3)  1.334(3) 
C(14)-H(14)  0.9500 
C(15)-N(3)  1.335(3) 
C(15)-C(16)  1.378(4) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.387(4) 
C(16)-H(16)  1.01(3) 
C(17)-H(17)  0.9500 
C(18)-O(4)  1.232(3) 
C(18)-N(4)  1.333(3) 
C(19)-N(4)  1.450(3) 
C(19)-C(20)  1.483(4) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(20)-O(5)  1.188(3) 
C(20)-O(6)  1.335(3) 
C(21)-O(6)  1.452(3) 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
N(2)-H(2N)  0.7721 









































































































Symmetry transformations used to generate 
equivalent atoms: 
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Table C.4   Anisotropic displacement parameters  (Å2x 103) for Compound 4 of Chapter 
3.  The anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  
+ 2 h k a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________ 
C(1) 22(1)  20(1) 22(2)  1(1) 5(1)  6(1) 
C(2) 18(2)  22(1) 25(2)  -3(1) 0(1)  0(1) 
C(3) 25(2)  25(2) 34(2)  2(1) 2(1)  1(1) 
C(4) 27(2)  23(1) 49(2)  -5(2) -5(2)  -7(1) 
C(5) 34(2)  32(2) 38(2)  -9(1) -10(1)  -3(2) 
C(6) 33(2)  32(2) 29(2)  -3(1) -1(1)  2(2) 
C(7) 24(1)  20(1) 26(2)  -1(1) 2(1)  0(1) 
C(8) 26(2)  27(2) 26(2)  0(1) 1(1)  5(1) 
C(9) 18(1)  23(1) 28(2)  -1(1) -2(1)  1(1) 
C(10) 19(2)  26(2) 20(1)  0(1) -1(1)  0(2) 
C(11) 16(1)  19(1) 27(1)  0(1) -2(1)  1(1) 
C(12) 26(2)  26(2) 25(1)  4(1) -2(1)  1(1) 
C(13) 21(2)  23(2) 22(1)  1(1) -4(1)  -3(1) 
C(14) 28(2)  30(2) 32(2)  -4(1) 4(1)  -3(2) 
C(15) 33(2)  27(2) 30(2)  -4(1) -7(1)  6(2) 
C(16) 28(2)  33(2) 25(2)  -3(1) 0(1)  3(2) 
C(17) 28(2)  28(2) 22(1)  2(1) -4(1)  -8(1) 
C(18) 19(2)  21(1) 25(2)  -2(1) -2(1)  1(1) 
C(19) 32(2)  59(2) 37(2)  21(2) 10(1)  13(2) 
C(20) 21(2)  23(2) 33(2)  2(1) -5(1)  -6(1) 
C(21) 55(2)  37(2) 37(2)  12(1) -15(2)  -5(2) 
N(1) 22(1)  21(1) 19(1)  -1(1) 0(1)  -4(1) 
N(2) 13(1)  22(1) 31(1)  0(1) 0(1)  -1(1) 
N(3) 34(1)  25(1) 40(1)  0(1) 2(1)  0(1) 
N(4) 15(1)  38(1) 28(1)  9(1) 2(1)  4(1) 
O(1) 36(1)  30(1) 23(1)  1(1) 1(1)  -3(1) 
O(2) 42(1)  36(1) 28(1)  3(1) 4(1)  -6(1) 
O(3) 17(1)  25(1) 53(1)  1(1) 0(1)  -1(1) 
O(4) 15(1)  36(1) 37(1)  11(1) 0(1)  1(1) 
O(5) 36(1)  48(1) 58(1)  21(1) 11(1)  15(1) 
 251
Table C.4 (continued) 
O(6) 42(1)  41(1) 26(1)  10(1) -2(1)  8(1)
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Table C.5   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 
10 3) 
for Compound 4 of Chapter 3. 
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
  
H(3) 2914 -4028 1576 33 
H(4) 743 -4687 960 40 
H(5) 1893 -4142 269 42 
H(6) 5228 -2888 170 37 
H(9A) 12224 -1082 1310 28 
H(9B) 11055 -1329 1786 28 
H(11) 7787 1688 1530 25 
H(12A) 10236 1671 2230 31 
H(12B) 12836 2178 1993 31 
H(14) 11921 3885 1655 36 
H(15) 6564 5590 2250 36 
H(17) 6687 2697 2528 31 
H(19A) 11054 2489 275 51 
H(19B) 12464 3338 561 51 
H(21A) 6307 4447 -409 65 
H(21B) 9102 4875 -622 65 
H(21C) 7957 5326 -176 65 
H(16) 4650(60) 4266(18) 2643(8) 38(8) 
H(2N) 12401 548 1519 26 
H(4N) 7711 2538 911 33 
________________________________________________________________________
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Symmetry transformations used to generate equivalent atoms:  
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Table C.7  Hydrogen bonds for Compound 4 of Chapter 3  [Å and °]. 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(2)-H(2N)...O(3)#1 0.77 2.14 2.893(3) 165.8 
 N(4)-H(4N)...O(4)#2 0.87 2.06 2.909(3) 163.4 
________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table D.1  Crystal data and structure refinement for Compound 5 of Chapter 3. 
Identification code  WG_PdS 
Empirical formula  C21 H19 Cl O Pd S2 
Formula weight  493.33 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 9.335(4) Å α= 90°. 
 b = 11.521(5) Å β= 99.614(6)°. 
 c = 17.934(8) Å γ = 90°. 
Volume 1901.6(14) Å3 
Z 4 
Density (calculated) 1.723 Mg/m3 
Absorption coefficient 1.344 mm-1 
F(000) 992 
Crystal size 0.49 x 0.15 x 0.14 mm3 
Theta range for data collection 2.11 to 28.41°. 
Index ranges -12<=h<=11, -15<=k<=15, -15<=l<=23 
Reflections collected 12239 
Independent reflections 4692 [R(int) = 0.0318] 
Completeness to theta = 28.41° 98.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8342 and 0.5589 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4692 / 0 / 236 
Goodness-of-fit on F2 1.084 
Final R indices [I>2sigma(I)] R1 = 0.0319, wR2 = 0.0754 
R indices (all data) R1 = 0.0380, wR2 = 0.0784 
Largest diff. peak and hole 0.797 and -0.537 e.Å-3 
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Table D.2  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) 
for Compound 5 of Chapter 3.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
C(1) 3457(3) 2516(2) 11399(1) 20(1) 
C(2) 3729(3) 1790(2) 12022(2) 24(1) 
C(3) 4974(3) 1958(2) 12555(2) 30(1) 
C(4) 5928(3) 2844(3) 12466(2) 32(1) 
C(5) 5649(3) 3567(2) 11838(2) 31(1) 
C(6) 4423(3) 3403(2) 11301(2) 26(1) 
C(7) 975(3) 1103(2) 10911(1) 21(1) 
C(8) 1663(3) 79(2) 10595(1) 19(1) 
C(9) 1493(3) -1033(2) 10864(1) 21(1) 
C(10) 2083(3) -1987(2) 10534(2) 23(1) 
C(11) 2841(3) -1819(2) 9938(2) 22(1) 
C(12) 3002(2) -700(2) 9670(1) 19(1) 
C(13) 2428(3) 266(2) 9997(1) 18(1) 
C(14) 3870(3) -502(2) 9052(1) 22(1) 
C(15) 1980(3) 832(2) 7961(1) 20(1) 
C(16) 1106(3) 1806(2) 7822(2) 24(1) 
C(17) -103(3) 1772(2) 7259(2) 28(1) 
C(18) -447(3) 772(2) 6840(2) 30(1) 
C(19) 434(3) -188(2) 6973(2) 32(1) 
C(20) 1664(3) -160(2) 7528(2) 30(1) 
C(21) 2325(4) -4040(2) 10478(2) 44(1) 
Cl(1) 3209(1) 3796(1) 9236(1) 31(1) 
O(1) 1866(2) -3039(1) 10848(1) 31(1) 
Pd(1) 2762(1) 1861(1) 9645(1) 18(1) 
S(1) 1855(1) 2445(1) 10702(1) 20(1) 
S(2) 3591(1) 951(1) 8654(1) 21(1) 
________________________________________________________________________
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Table D.3  Bond lengths [Å] and angles [°] for Compound 5 of Chapter 3. 
_________________________________________________________________________  
C(1)-C(2)  1.386(4) 
C(1)-C(6)  1.393(3) 
C(1)-S(1)  1.783(3) 
C(2)-C(3)  1.389(4) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.381(4) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.390(4) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.379(4) 
C(5)-H(5)  0.9500 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.498(3) 
C(7)-S(1)  1.820(2) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.387(3) 
C(8)-C(13)  1.401(4) 
C(9)-C(10)  1.403(3) 
C(9)-H(9)  0.9500 
C(10)-O(1)  1.366(3) 
C(10)-C(11)  1.391(4) 
C(11)-C(12)  1.393(3) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.405(3) 
C(12)-C(14)  1.495(3) 
C(13)-Pd(1)  1.985(2) 
C(14)-S(2)  1.821(2) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(20)  1.384(3) 
C(15)-C(16)  1.386(3) 
C(15)-S(2)  1.789(3) 
C(16)-C(17)  1.384(4) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.384(4) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.375(4) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.389(4) 
C(19)-H(19)  0.9500 
C(20)-H(20)  0.9500 
C(21)-O(1)  1.431(3) 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
Cl(1)-Pd(1)  2.4040(11) 
Pd(1)-S(1)  2.3016(10) 



























































































Table D.4   Anisotropic displacement parameters  (Å2x 103) for Compound 5 of Chapter 3.  The 
anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 19(1)  22(1) 19(1)  -8(1) 3(1)  4(1) 
C(2) 23(1)  31(1) 21(1)  -1(1) 9(1)  1(1) 
C(3) 29(2)  43(2) 17(1)  -2(1) 5(1)  8(1) 
C(4) 23(1)  45(2) 25(2)  -14(1) -1(1)  3(1) 
C(5) 28(2)  30(1) 36(2)  -9(1) 7(1)  -5(1) 
C(6) 25(1)  23(1) 30(2)  -2(1) 5(1)  1(1) 
C(7) 18(1)  23(1) 23(1)  -2(1) 6(1)  0(1) 
C(8) 15(1)  23(1) 18(1)  -3(1) 1(1)  2(1) 
C(9) 22(1)  27(1) 15(1)  1(1) 3(1)  1(1) 
C(10) 29(1)  21(1) 20(1)  3(1) 3(1)  3(1) 
C(11) 22(1)  22(1) 21(1)  -2(1) 2(1)  6(1) 
C(12) 15(1)  24(1) 16(1)  -3(1) 2(1)  3(1) 
C(13) 17(1)  19(1) 17(1)  0(1) 2(1)  2(1) 
C(14) 22(1)  25(1) 19(1)  -1(1) 6(1)  5(1) 
C(15) 23(1)  25(1) 14(1)  2(1) 8(1)  -1(1) 
C(16) 28(1)  25(1) 21(1)  -1(1) 7(1)  0(1) 
C(17) 27(2)  34(1) 25(2)  3(1) 5(1)  5(1) 
C(18) 26(1)  42(2) 21(1)  1(1) 2(1)  -4(1) 
C(19) 37(2)  31(1) 28(2)  -7(1) 3(1)  -6(1) 
C(20) 30(2)  25(1) 34(2)  -5(1) 5(1)  2(1) 
C(21) 72(2)  21(1) 45(2)  4(1) 23(2)  6(1) 
Cl(1) 45(1)  21(1) 28(1)  1(1) 9(1)  -3(1) 
O(1) 48(1)  20(1) 28(1)  3(1) 14(1)  2(1) 
Pd(1) 19(1)  19(1) 17(1)  -1(1) 4(1)  0(1) 
S(1) 20(1)  20(1) 20(1)  -2(1) 3(1)  4(1) 
S(2) 21(1)  25(1) 20(1)  0(1) 7(1)  -3(1) 
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Table D.5  Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for Compound 5 of Chapter 3. 
______________________________________________________________________________ 
 x  y  z  U(eq) 
______________________________________________________________________________ 
 
H(2) 3070 1183 12085 29 
H(3) 5170 1462 12983 35 
H(4) 6774 2959 12834 38 
H(5) 6305 4177 11778 37 
H(6) 4239 3891 10869 31 
H(7A) 1055 1014 11465 25 
H(7B) -69 1135 10689 25 
H(9) 977 -1148 11272 25 
H(11) 3245 -2463 9715 26 
H(14A) 3589 -1082 8647 26 
H(14B) 4914 -612 9256 26 
H(16) 1334 2492 8112 29 
H(17) -701 2440 7159 34 
H(18) -1290 748 6461 36 
H(19) 201 -874 6683 39 
H(20) 2284 -817 7611 36 
H(21A) 1783 -4086 9962 66 
H(21B) 2142 -4740 10758 66 
H(21C) 3367 -3981 10461 66 
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